Evaluation of carrier ground relay protection systems which have zero sequence polarizing reversals. by Schmitt, Gary L.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1-1-1980
Evaluation of carrier ground relay protection
systems which have zero sequence polarizing
reversals.
Gary L. Schmitt
Follow this and additional works at: http://preserve.lehigh.edu/etd
Part of the Electrical and Computer Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Schmitt, Gary L., "Evaluation of carrier ground relay protection systems which have zero sequence polarizing reversals." (1980). Theses
and Dissertations. Paper 2310.
...> 
\     EVALUATION OF CARRIER GROUND RELAY PROTECTION 
SYSTEMS WHICH HAVE ZERO SEQUENCE POLARIZING REVERSALS 
By 
Gary L. Schmitt 
A Thesis 
Presented to the Graduate Committee 
of Lehigh University 
in Candidacy for the Degree of 
Master of Science 
in 
Electrical Engineering 
Lehigh University 
1980 
ProQuest Number: EP76586 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 
uest 
ProQuest EP76586 
Published by ProQuest LLC (2015). Copyright of the Dissertation is held by the Author. 
All rights reserved. 
This work is protected against unauthorized copying under Title 17, United States Code 
Microform Edition © ProQuest LLC. 
ProQuest LLC. 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
CERTIFICATE OF APPROVAL 
This thesis is accepted and approved in partial fulfillment 
of the requirements for the degree of Master of Science. 
QtetJUu 8,1950, 
(Date) 
<\ 
/   Professor in Charge 
Chairman of Department 
11 
ACKNOWLEDGEMENTS 
The author wishes to thank the Pennsylvania Power and 
Light Company for enabling him to complete this work under its 
Educational Assistance Program. The guidance and editorial 
comments of Mr. John K. Redmon of PP&L were invaluable.  The 
author also acknowledges the PP&L Drafting Department for their 
assistance in preparation of figures used in this thesis. He 
gratefully acknowledges the patient and conscientious effort 
of Maxine Bolton and Connie Kenny, who provided the stenographic 
skills necessary for the completion of this thesis. 
111 
y 
TABLE OF CONTENTS 
TITLE PAGE 
CERTIFICATE OF APPROVAL 
ACKNOWLEDGEMENTS 
TABLE OF CONTENTS 
LIST OF TABLES 
LIST OF FIGURES 
ABSTRACT 
INTRODUCTION 
Page 
i 
ii 
iii 
iv 
vi 
vii 
1 
5 
CHAPTER 
3 
4 
ANALYSIS OF ZERO SEQUENCE POLARIZING     9 
REVERSALS 
OPERATING PRINCIPLES OF CARRIER        32 
SYSTEMS BEING EVALUATED 
BASIS FOR APPLYING AND EVALUATING      56 
THE CARRIER PROTECTION SYSTEMS 
EVALUATION OF THE PHASE COMPARISON     64 
SYSTEM 
EVALUATION OF THE NEGATIVE SEQUENCE     81 
SYSTEM 
EVALUATION OF THE ZERO SEQUENCE        100 
SYSTEM 
EVALUATION OF THE GROUND DISTANCE      114 
SYSTEM 
CONCLUSIONS AND RECOMMENDATIONS   ^    132 
iv 
Page 
BIBLIOGRAPHY 140 
APPENDIX I 144 
VITA 152 
ST OF TABLES 
Table Title Page 
1 CLEARING TIME REQUIREMENTS FOR        71 
PHASE COMPARISON SYSTEM 
2 CLEARING TIME REQUIREMENTS FOR 89 
DIRECTIONAL COMPARISON SYSTEMS 
3 SUMMARY OF SYSTEM SENSITIVITIES       134 
4 SUMMARY OF INSTALLATION AND 135 
CONVERSION COSTS 
VI 
/ 
LIST OF FIGURES 
Figure Title Page 
1 INDUCTION CUP STRUCTURE 11 
2 ZERO SEQUENCE POLARIZED RELAY 11 
CONNECTION DIAGRAM 
3 PHASE-TO-GROUND FAULT ON LINE NOT      13 
IN PROXIMITY TO OTHER LINES 
4 IMPEDANCE DIAGRAMS FOR MUTUALLY        18 
COUPLED TRANSMISSION LINES 
5 PHASE-TO-GROUND FAULT ON MUTUALLY      20 
COUPLED LINES WHICH HAVE THEIR ZERO 
SEQUENCE SOURCES ISOLATED 
6 ZERO SEQUENCE ISOLATION CAUSES 24 
REVERSAL 
7 ZERO SEQUENCE REVERSAL - SOURCE        28 
NOT ISOLATED FROM FAULT 
8 BASIC ELEMENTS OF POWER LINE 34 
CARRIER SYSTEM 
9 CURRENT ONLY PHASE COMPARISON 37 
SCHEMATIC 
10 CURRENT ONLY PHASE COMPARISON 40 
LOGIC SCHEMATIC 
11 PHASE COMPARISON COMPARER TIMING       40 
12 DIRECTIONAL COMPARISON BLOCKING        45 
LOGIC DIAGRAM 
13 R-X DIAGRAM OF PROTECTIVE RELAY        52 
CHARACTERISTICS USED IN THE GROUND 
DISTANCE CARRIER BLOCKING SYSTEM 
14 PHASE COMPARISON RELAYING ON 67 
MUTUALLY COUPLED LINES 
15 NEGATIVE SEQUENCE VOLTAGE PROFILE      85 
FOR PHASE-TO-GROUND FAULT 
VII 
Page 
16 TYPICAL TIME-CURRENT CURVE FOR THE 91 
1
 CNP11A RELAY 
17 TIME CURRENT CURVE FOR THE OVER- 95 
CURRENT UNITS OF THE CLPG12C RELAY 
18 CONTACT CLOSING TIME CURVE FOR THE 108 
DIRECTIONAL UNIT OF THE CLPG12C RELAY 
19 AFFECT OF MUTUAL COUPLING ON GROUND 119 
DISTANCE CARRIER START AND TRIP 
RELAYS 
20 OPERATING TIME CURVES, MHO, RELAY 125 
21 OPERATING TIME CURVES, REACTANCE UNIT      126 
Vlll 
ABSTRACT 
This thesis analyzes zero sequence polarizing reversals 
on transmission lines built on a common right-of-way.  These 
reversals occur during ground faults causing protective 
relay misoperation and subsequent tripping of the unfaulted 
line.  Four carrier ground relay systems were evaluated to 
determine their application to overcome the reversal problem. 
These systems were then compared to obtain recommendations 
for installation on new and existing lines. 
Reversals occur on mutually coupled lines when zero 
sequence sources are isolated.  This isolation may exist 
under normal conditions, when lines are out for maintenance 
or during sequential clearing of faults. Reversals can also 
occur when sources are partially isolated.  Analysis of the 
system's zero sequence network will reveal if a reversal 
will happen under this condition. 
W 
Recommendations and Conclusions from the system evalua- 
tions were: 
o   Phase comparison was recommended for new line installa- 
tions and existing installations where: 
(1) the circuit is critical enough that phase comparison's 
technical advantages outweigh the cost for removal 
or modification of the existing system. 
(2) The existing system cannot be modified to provide 
adequate protection. 
Disadvantages are that it requires: 
(1) Wider bandwidth carrier equipment than the other 
systems. 
(2) Shielded control, current and potential cables. 
o   The negative sequence system was recommended for new 
installations and modification of the zero and ground 
x 
distance systems when they do not provide acceptable 
protection.  Disadvantages are that: 
/
  (1) Some transmission systems might not provide suffi- 
cient negative sequence quantities to assure 
positive, high speed operation of the directional 
relay. 
(2) The directional relay's low restraining torque makes 
it susceptable to mechanical shock and vibration. 
The zero sequence system was recommended only for 
existing lines already having it and minimum mutual 
coupling between lines exists.  Disadvantages are: 
1. It is not sensitive as applied to low level faults. 
2. The system must be checked closely to assure 
proper operation whenever line rearrangements are 
made. 
o   The ground distance system is suitable only for existing 
lines already having this system.  Disadvantages are: 
1) It is not sensitive to low level faults. 
2) High installation cost. 
V 
INTRODUCTION 
Zero sequence quantities used for protective relay 
polarizing can become reversed during ground faults on 
transmission lines built in close proximity to one another. 
These reversals cause protective relay system misoperation 
and subsequent tripping of the unfaulted line.  The consequences 
of such an overtrip to a power system can vary from momentary 
loss of load, to power swings, instability, system breakup, 
and blackouts. 
This polarizing reversal problem, while not new to the  , 
protective relay engineer, will occur on a higher percentage 
of transmission lines in the future. More transmission 
lines are being built yearly to carry load to the growing 
electrical demand. More lines are also T>eing built to 
interconnect large power systems, to reduce required generation 
spinning reserves, and to more completely utilize the most 
efficient power generating units.  Providing increased 
transmission capacity in the most economical and environ- 
mentally acceptable manner requires many new transmission 
lines to be built either on a right-of-way with an existing 
line or added as a second circuit on an existing set of 
transmission towers. 
When circuits are built on a common right-of-way, as 
described above they are in close proximity and are susceptible 
to the polarizing reversal problem. 
As power systems becomes more complex, the interdependance 
of utilities becomes greater because there is transmission 
of larger blocks of power over long distances. Therefore, 
it is even more critical than before to trip only the necessary 
lines when clearing system faults.  The unnecessary loss of 
a given line may have resulted only in a momentary loss of 
load, previously. Now it may be the critical tie whose loss 
leads to system instability and a large scale blackout. 
For these reasons, it is becoming increasingly important 
for the relay engineer to identify transmission configurations 
that may cause zero sequences polarizing reversals. Then 
the protective relay systems that will provide the best 
economical and technical way to overcome the reversal problem 
on new installations must be selected and applied. Also, 
existing protective systems that become affected by the 
reversal problem as a result of transmission expansion, must 
be modified to overcome it. 
This thesis provides the much needed insight into the 
reversal problem by demonstrating how zero sequence polarizing 
reversals affect zero sequence polarized ground directional 
relays. A typical transmission system was analyzed to 
determine under what configurations and operating conditions 
they occur.  The operating principles of the four carrier 
ground protection systems to be evaluated are discussed. 
The criteria for the technical and economic evaluation of 
the protective systems was identified. Each protective 
system was evaluated to determine its ability to overcome 
the polarizing reversal problem. Conclusions were drawn and 
recommendations made for installation of these systems on 
new and existing lines affected by polarizing reversals. 
This thesis is limited to the identification of the 
zero sequence polarizing reversal problem, transmission 
configurations and operation conditions which can cause 
reversals, and application and evaluation of the four carrier 
ground schemes identified to overcome the reversal problem. 
Related topics not covered which are identified for 
future study are: 
o   A quantitative evaluation procedure to more easily 
determine the relationship between how close the trans- 
mission lines are to each other, the distance they run 
on a common right-of-way and the magnitude of the zero 
sequence polarizing reversal. 
o   The implementation of the ground protective systems 
evaluated in this thesis on a specific power system. 
o   Evaluation and application of other ground protection 
systems such as tone pilot and nonpilot backup type 
•v 
systems with respect to their ability to overcome the 
zero sequence polarizing reversal problem. 
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CHAPTER 1 
ANALYSIS OF ZERO SEQUENCE POLARIZING REVERSALS 
This chapter is devoted to the analysis of the zero 
sequence polarizing reversal problem.  The first step in 
this analysis was to understand the operation of the zero 
sequence polarized relay and demonstrate how it misoperates 
when a polarizing reversal occurs. Next, the cause of the 
reversal problem, the mutual coupling phenomenon which 
occurs when lines are built in close proximity to one another, 
was discussed. A transmission system configuration susceptible 
to £ero sequence polarizing reversals was analyzed to determine 
when the reversal will occur.  Generalizations were then 
drawn concerning configuration and operating conditions that 
cause the reversal problem. 
Zero Sequence Polarized Relay Operation 
The zero sequence polarized directional relay is used 
in many types of ground protection systems on transmission 
lines where-directional—relayingis required.- This -relay is  
an induction type relay as shown in Figure 1, page 11.  It 
consists of a rotating cup-like structure to which an operating 
contact is connected.  It is surrounded by coils wound on a 
magnetic core.  The operation is similar to an induction 
motor with the torque being supplied by the out-of-phase 
fluxes developed by the operating quantities supplied to the 
coils. Figure 2, page 11 shows the operating quantities 
that are supplied to the directional relay. One quantity is 
zero sequence current from the neutral connection of the 
three current transformers. These transformers are installed 
in the protected line section circuit breaker.  Phase-to-ground 
fault currents on the protected line section enter the relay 
in a given direction. External faults will cause the current 
input to the relay to reverse.  The other operating quantity 
supplied to the relay is the zero sequence polarizing quantity. 
This quantity acts as a reference for the zero sequence line 
current to operate against. Therefore, this quantity must 
be in the same direction for faults whether they be internal 
or external.  This polarizing quantity can be: 
o   Zero sequence polarizing potential, or 
o   Zero sequence polarizing current or both of these 
quantities^cahbemused, depending ohTThe relay design. 
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The zero sequence polarizing potential can be taken 
from the open delta of a high side wye grounded potential 
transformer as shown in Figure 2, page 11.  Zero sequence 
polarizing current can be taken from the closed delta tertiary 
or the neutral connection of a power transformer.  (Some 
power transformers will not give a polarizing quantity that 
is in the same direction for all internal and external 
faults.  See Reference 3 for a discussion on the proper 
choice of transformer for correct zero sequence current 
polarization). 
The relay is design to create a torque from the inter- 
action of the fluxes created by the zero sequence line 
current coil and the zero sequence polarizing coil which 
closes the trip contact for internal faults. For an external 
fault, the zero sequence line flux phase angle reverses and 
causes a restraining torque on the induction cup which keeps 
the trip contact open driving it against its back stop. 
Under non-fault conditions a restraining spring holds the 
trip contact open against its back stop. 
An internal phase-to-ground fault at Fl, on a trans- 
mission Tihe-thatnts hot in proximity to otherTines is  T 
shown in Figure 3A, page 13. The fault current 
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flows through the earth and into the grounded neutrals of 
the power transformers as illustrated. This circuit is 
completed when the fault current flows up these neutrals'and 
through the faulted phase to the fault. An analysis of 
current flow for external phase-to-ground faults on adjacent 
line sections not isolated by delta connected transformers 
will yield the same result as shown in Figure 3B, page 13. 
That is, fault currents flowing from the fault up the transformer 
neutrals and back through the faulted phase wire. 
Directional relays with zero sequence polarizing current 
taken from the neutral of transformers at bus A and bus B 
would always operate correctly since the polarizing quantity 
is oriented in the same direction independent of the fault 
location. An analysis of zero sequence polarizing currents 
circulating in the delta tertiary of a power transformer or 
the open delta voltage of potential transformers on busses A 
and B would show that they also will be oriented in the same 
direction for ground faults on all lines not isolated by a 
delta connected transformer.  (Relays on this line will not 
operate for ground faults on lines isolated from it by a 
delta connected power transformers.  This is because zero 
sequence currents cannot flow across these transformers.). 
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Thus, if no other lines are in close proximity, zero 
sequence polarizing directional relays will operate properly 
when correct polarizing sources and relay connections are 
used. 
Zero Sequence Polarized Relay Misoperation 
If polarizing quantities are in the same direction for 
all external and internal faults, the zero sequence line 
current will have a good reference to compare against.  The 
directional relay will thus correctly determine ground fault 
location. When the zero sequence polarizing or reference 
quantity becomes reversed, however, the relay operating 
torque also becomes reversed.  The relay will then misoperate 
and incorrectly initiate tripping of the power circuit 
breaker associated with the protected line section for 
external faults and not initiate tripping for internal 
faults. These polarizing reversals can occur on transmission 
lines built in close proximity to one another during fault 
conditions and cause just such directional relay misoperations 
Next the mutual coupling that occurs on lines built in 
close proximity is discussed.  Its affect on the negative, 
positive and zero sequence symmetrical components of the 
15 
transmission line is presented.  It will then be demon- 
strated how mutually coupled zero sequence currents flow 
during fault conditions and cause the zero sequence polarizing 
quantities described above to reverse direction. 
Mutual Coupling on Transmission Lines 
When two lines are in close proximity, their electro- 
magnetic fields interact.  The lines can be thought of as 
the two windings of a long single turn air gap transformer 
with the mutual coupling between the lines representing the 
electromagnetic interaction between them.  The electromagnetic 
flux from one line cuts through the conductors of the other 
line inducing in it current flow in the opposite direction. 
Just as mutual coupling occurs between different voltage 
windings of transformers, it can also occur on lines in 
close proximity that are of different voltages as well as 
lines of the same voltage level. 
The amount of mutual coupling between lines is dependent 
on the type of line construction, phase location, number of 
line transpositions, number of ground wires, how close the 
line are spaced and the length that they run together on the 
right-of-way.  This coupling is represented in electrical 
16 
circuit diagrams as a mutual impedance between the lines. 
The electrical circuit representation of the mutual impedance 
and equalivent circuits for lines that are commonly bussed 
and completely isolated are shown in Figure 4, page 18. 
Also listed are the voltage drop equations from A to B 
resulting from these impedences.  These equivalent circuits 
will be used later when analysis of a system is performed to 
determine when zero sequence polarizing reversals occur on 
it. 
Reference 4 discusses in detail «and calculates the 
mutual impedences for transmission lines built on a common 
right-of-way.  The conclusions from these calculations for 
typical transmission lines construction are: 
o   The positive and negative sequence mutual impedance is 
less than 10 percent of the self-impedance and usually 
does not exceed 3 to 7 percent for non-transposed 
lines.  Transposing these lines can reduce this percentage 
even further. Mutual coupling has negligible affect on 
relays that use positive and negative sequence operating 
quantities. 
17 
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o   The zero sequence mutual impedance can be 50 to 70 
percent of the line self-impedance.  Zero sequence 
mutual coupling therefore has a significant affect on 
the operation of relays that use zero sequence operating 
quantities. 
Zero Sequence Polarizing Reversals 
As shown earlier in this chapter, zero sequence quantities 
will remain in the same direction for internal and external 
faults for systems where transmission lines are built on 
separate right-of-ways.  This is not always true for faults 
on lines that are mutually coupled. 
Consider the system of Figure 5A, page 20.  In this 
diagram two systems are represented by two voltage sources 
with their equivalent backup impedences. They are tied 
together through delta-wye transformers listed as Tl through 
T4 by two transmission lines designated 5 and 6 built on a 
common right-of-way as shown. 
Assume a phase-to-ground fault occurs on line 5 near 
-ttansformer—Tl.r Ground eur^rent^witl flow—into-the fault 
returning to it through transformer Tl and T3 neutrals and 
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the faulted phase.  Because the delta-wye grounded trans- 
formers block zero sequence currents, there will be no 
direct flow of zero sequence current over transmission line 
6 to the fault.  However, because of mutual coupling the 
fault current flowing in line 5 will induce a substantial 
current flow in line 6.  (Positive and negative sequence 
currents will also be coupled, but as noted previously, the 
amount of coupling is so small that its affects are negligible 
for relaying purposes.) This induced zero sequence current 
flows in the opposite direction to current in line 5.  Thus, 
it will flow up transformer T2 neutral through line 6 and 
return down transformer T4 neutral. These zero sequence 
current flows are further demonstrated in the zero sequence 
circuit diagram for this system shown in Figure 5B, page 20. 
In this diagram the zero sequence impedances for each of the 
elements is listed as Z  where the second subscript is the 
o_ ^ 
line, generator, or bus designation of Figure 5A. 
Zero sequence directional relays are installed assuming 
zero sequence polarizing current flow is always up the 
neutral of transformer banks.  The zero sequence polarizing 
quantity has thus reversed at transformer T4. A directional 
21 
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relay protecting line 6 and being polarized from transformer 
T2 would see zero sequence current flowing into the line 
indicating an internal fault.  Since the polarizing current 
is flowing up the neutral, the relay will develop positive 
torque and tend to operate.  At transformer T4 the zero 
sequence current is flowing out of the line normally indicating 
an external fault, but the relay will develop positive 
torque and tend to operate since the polarizing quantity has 
reversed.  If the amount of zero sequence current coupled to 
line 6 is sufficient to operate the relays and there are no 
other relays in the line 6 ground protection system to block 
tripping this line will undesirably trip. 
Polarizing Reversals on Systems With Zero Sequence Isolation 
In the system described above, zero sequence polarizing 
on the unfaulted line is isolated from the fault except for 
the line mutual coupling.  If the transformers at each end 
were at the same location and their neutrals tied together, 
the polarizing sources would no longer be isolated from the 
fault.  Then the net zero sequence flow from the two trans- 
formers would always be up the neutral for all faults. This 
is because the induced current in the unfaulted line is at 
most 50 to 70 percent of the zero sequence current flowing 
22 
in the faulted line.  Unfortunately, as transmission systems 
grow and new stations are tapped along the lines, zero 
sequence sources become dispersed and paralleling them as 
described above becomes impossible.  This is an obvious 
situation where the polarizing source is isolated from the 
fault, contributes no current to the fault, and thus has no 
current to cancel out the incorrect polarizing current flow 
caused by the mutual coupling. 
/ 
This situation often occurs in power systems where 
lines of different voltages are installed on the same right-of- 
way.  Complete zero sequence isolation can also occur on 
lines of the same voltage built on the same right-of-way 
that have many substations tapped off of them. This isolation 
can occur when line sections are out-of-service for maintenance 
and during sequential clearing of faults. Sequential clearing 
occurs when faults are within the setting, of zone one nonpilot 
protective relays and these relays operate faster than the 
pilot system to clear only the local breaker on the faulted 
line. 
This isolation is illustrated by ground faults at 
locations Fl and F2 of the system shown in Figure 6A, page 
24.  In this system there is mutual coupling between lines 
23 
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AC and BD. Figure 6B, page 24 is the zero sequence diagram 
of the faulted system with no lines out for maintenance or 
before sequential clearing occurs.  If the mutual coupling 
between lines BD and AC is not too large, zero sequence 
currents will flow up transformer T2 and T3 neutrals to the 
fault location and reversals will not occur.  (See next 
section for more discussions about reversals for this situation 
where there is not complete isolation of zero sequence 
sources.) However, a zero sequence reversal will definitely 
occur on line AC when line AB is out for maintenance and the 
fault is at Fl. A reversal will also occur on line AC when 
the fault is at F2 and sequential clearing of line AB occurs. 
This is illustrated in the zero sequence diagram of Figure 
6C, page 24 where switches a and b represents the breakers 
on line AB respectively.  Switches a and b open represents 
zero sequence isolation due to line AB being out for maintenance 
and a fault at Fl.  Switch a open represents isolation caused 
by operation of breaker A for the close in fault at F2. 
Polarizing Reversals when Systems are not Completely Isolated 
Polarizing reversals will occur on terminals of unfaulted 
mutually coupled lines when their zero sequence sources 
become completely isolated from the fault. This represents 
the one extreme of completed isolated sources. 
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The two isolated sources being tied together on mutually 
coupled lines represents the other extreme where the current 
flow to the fault and its resulting mutual coupling component 
are available for summing at the same location.  In this 
case, zero sequence reversals will not occur.  Between these 
two extremes is the situation where lines are not commonly 
bussed at both ends to allow summing of polarizing currents 
and the zero sequence source is not completely isolated from 
the fault.  The zero sequence diagram of a typical system 
not having complete zero sequence isolation was analyzed to 
show that it is possible to determine when polarizing reversals 
will occur on it. 
Again consider the system of Figure 6A, page 24 with a 
fault at location Fl and no lines out for maintenance. The 
zero sequence diagram is shown in part B of Figure 6, page 
24. As shown by the zero sequence diagram for the system, 
there is not complete zero sequence isolation between 
unfaulted line AC and the fault. There is a zero sequence 
path between zero sequence source, transformer T3 through 
line AB to the fault. Also a zero sequence path exists 
between transformer T2 through lines AC and AB to the fault. 
In addition mutually coupled lines BD and AC are not commonly 
bussed so their zero sequence sources cannot be tied together. 
26 
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In Figure 7, page 28, the zero sequence diagram is 
redrawn with the mutual coupling circuit equivalent for 
lines not commonly bussed (shown in Figure 4, page 18) 
included in the diagram.  Summing voltage drops from transformer 
T2 to transformer Tl with current flows as identified in the 
zero sequence diagram results in the following equation. 
I02 Z0T2 + I02 ZOAC " I02 Z0M + J01 Z0M + I02 Z0M " I03 Z0T3 " ° 
Solving for I~~  yields: 
T  = T03 Z0T3 - I01 Z0M 
09       7      7 
Thus, a reversal of In« will occur if the voltage 
created by mutual coupling (I-, ZnM) is greater than transformer 
T3 source voltage (Iftq ^nT„). A reversal becomes more 
likely the higher the current flow on the faulted line and 
the larger the mutual coupling between the lines. 
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The analysis of power systems by manual methods and in a 
closed form to determine when zero sequence reversals will 
occur becomes more difficult as the systems becomes more 
complex. Also-identification of the determining factors for 
reversals on complex systems are not as readily visualized. 
However, any system can be reduced with the use of a digital 
computer and the magnitude and direction of zero sequence 
source currents determined. Most power utilities have a 
fault analysis program which gives this output along with 
other parameters required for phase and ground relaying. 
The relay engineer is generally looking to determine 
only the worse case reversal for each of the zero sequence 
sources on the system.  In most systems where there is not 
complete zero sequence isolation and the lines are not 
bussed at the same location, one can visualize an operating 
condition where the sources become isolated.  This is demon- 
strated by the previous example where a line is out for 
maintenance or sequential clearing caused the unfaulted line 
to become isolated from the fault.  Also reversals are 
generally more severe when the polarizing sources are completely 
isolated. Thus, it is normally not necessary to do a detailed 
analysis of the partially isolated system. 
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Zero Sequence Polarizing Reversal Conclusions 
This chapter has described how zero sequence polarizing 
reversals cause misoperation of zero sequence polarized 
relays. Also it demonstrates how zero sequence polarizing 
reversals are caused by mutual coupling of transmission 
lines built in close proximity to one another.  Conclusions 
from the analysis of these mutually coupled lines show that 
a zero sequence reversal: 
o   will occur on one of the zero sequence sources on the 
unfaulted line when there is complete zero sequence 
isolation between the fault and unfaulted line. 
o   will not occur on mutually coupled lines that are 
commonly bussed at both ends when there is no isolation 
between zero sequence sources and the fault.  If isolation 
does exist between zero sequence sources that are 
terminated at the same substation, the isolation can be 
"artifically" removed by summing the zero sequence 
sources at each location. 
o   may or may not occur under normal conditions on lines 
not commonly bussed at both ends which do not have 
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complete isolation of zero sequence sources.  This can 
be determined by analysis of the zero sequence diagram 
of the system under investigation. However, these 
systems will normally develop zero sequence isolation 
due to operating conditions such as line sections out 
for maintenance and sequential clearing of faults. 
When this happen zero sequence polarizing reversals 
will occur. 
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CHAPTER 2 
OPERATING PRINCIPLES OF CARRIER SYSTEMS BEING EVALUATED 
Power Line Carrier Protection 
The four ground protection systems evaluated in this 
thesis were pilot type systems. A pilot type relay system 
uses a communication channel to gain intelligence from 
relays at the remote terminal of the transmission line 
during a fault. This information is used to determine if 
the fault is on the protected line section. 
Pilot type relay systems were developed to allow high 
speed clearing of faults over the entire length of the 
transmission line.  If a pilot scheme is not used, relays 
are set up in a two zone scheme.  The zone 1 relays operate 
instantaneously to clear faults on the first 90% of the line 
section.  Zone 2 relays are normally set to operate for 
faults up to 125% beyond the end of the protected line 
section. Zone 2 relays must operate with a time delay to 
coordinate with downstream relaying. 
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The communication channel used for the four systems 
being evaluated is the power line itself.  Other communications 
channels used with pilot relaying are telephone or leased 
lines, microwave and hardwire communication links.  The 
power line carrier equipment couples a low power (normally 
10 watt) signal to the transmission line.  These signals are 
in the frequency range of 30 to 300 KHZ. This coupling is 
normally accomplished by a coupling capacitor connected 
phase-to-ground which acts as a high impedance path to the 
60 HZ power frequencies and a low impedance path for the 
carrier frequencies.  Line traps are parallel inductive - 
capacitive circuits tuned to block specific protective 
relaying signal frequencies.  These are installed at each 
end of the transmission line to assure that the signal is 
not drained to ground during a fault on an adjacent line 
section.  Figure 8, page 34 illustrates the location of line 
traps and coupling capacitors on a typical line.  In addition 
to protective relaying, voice and telemetering communication 
can also be applied to the power line.  The ground protective 
systems under evaluation are commonly used with power line 
carrier.  However, they can be applied Using the other 
communication links described above. 
J 
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The ground protective relay systems under evaluation 
may be separated into general categories according to operating 
philosophy: 
1.  Phase comparison type systems which contains the phase 
comparison ground relay system. 
OR: 
2.  Directional comparison blocking type systems which cover 
the remaining three ground protective relay systems. 
The remainder of this chapter provides a description of 
each general category and specific operating principles for 
each of the carrier systems to be evaluated. 
Phase Comparison Systems 
A phase comparison relay system compares the instantaneous 
phase difference of the current flow at one end of the line 
with the current flow at the other end during a fault condition. 
When these currents are in phase they are flowing through 
the line to an external fault and no tripping of this line 
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should occur.  If the currents are 180° out-of-phase, the 
current at both terminals is flowing into the line to an 
internal fault which must be cleared by tripping the line. 
Although some systems provide continuous comparison of 
the power phase relationship, most use a two level fault 
detector relay. This relay starts the comparison, and 
allows tripping of power circuit breakers only when there is 
a fault in the area of the protected line section. 
Phase Comparison Carrier Ground Relay System 
The phase comparison system for protection against 
ground faults under evaluation in this thesis is a current 
only blocking type system. The system is made up entirely 
of solid state relaying and logic components. As shown in 
the current schematic in Figure 9, page 37, each terminal 
has a sensitive two element nondirectional zero sequence 
overcurrent relay.  These elements are fault detectors which 
initiate the comparison process. Each terminal also has a 
squaring amplifier which takes zero sequence ground fault 
current flowing in the protected line and converts it into a 
square wave pulse train that is positive for the half cycle 
corresponding to the positive half cycle of the sinusoidal 
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ground current wave and zero for the negative half cycle of 
this wave.  Zero sequence current input for this equipment 
is taken from the neutral of the three phase current trans- 
formers sensing current on. the protected line. 
The carrier equipment can be keyed on or off.  When 
keyed on, an amplitude modulated signal of the assigned 
frequency is sent; when keyed off, no signal is sent. Both 
terminals of carrier are tuned to transmit and receive the 
same frequency. 
The operation of this system is illustrated in the 
logic schematic of Figure 10, page 40. Under normal conditions 
the fault detectors are not picked up and carrier signals 
are not being transmitted between the terminals of the 
protected line. When a fault involving ground occurs near 
or on the protected line section, the most sensitive low 
level fault detector operates and keys the carrier transmitter 
to send a continuous carrier signal to the remote terminal. 
This signal is received at the remote terminal, inverted to 
logic "0", and feeds into the "and" gate to the remote 
comparer thus blocking it from operation.  If the fault is 
within the setting of the high level detector, it picks up, 
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J 
arming the local comparer, and allowing the squaring amplifier 
to start.  The squaring amplifier produces a pulse train 
that keys its carrier transmitter off during positive pulses. 
The transmitted signal is thus inverted compared to the 
original pulse train. When it is received at the remote 
terminal, it is inverted again to bring it back in phase 
with the original square wave amplifier pulse train and fed 
into the remote comparer.  The output from the squaring 
amplifier is also sent to the local comparer through a time 
delay equal to the power line carrier transmission and 
equipment operating delays. The comparer evaluates these 
signals as described below to block tripping for external 
faults or allow tripping for internal faults. 
The comparer at each terminal consists of an "and" gate 
whose output feeds a timer. The comparer's inputs are from 
1) the local squaring amplifier, 2) the remote squaring 
amplifier, and 3) the local high level fault detector.  The 
timer is normally set for approximately 4 milliseconds 
pickup and 18 milliseconds dropout.  The timer output 
initiates the power circuit breaker trip relay on the 
protected line. 
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The comparer inputs for an internal fault on the 
protective line section are as shown in the comparer timing 
diagram, Figure 11, page 40.  The primary currents will be 
entering both line terminals and thus be 180° out-of-phase. 
However, the current on the secondaries of the current 
transformers at both terminals will be in phase.  The local 
and remote inputs to the comparer will thus be in phase. 
The high level fault detector will be keying a continuous 
logic "1" to the comparer.  The input to the timer will be a 
series of pulses of approximately 8 milliseconds duration 
which will pick up the timer and call for a trip. 
If the fault is external, (see also Figure 11, page 
40), the line currents will be flowing through the line and 
be in phase at both terminals. However, the current on the 
secondaries of the current transformers at both terminals 
will be 180° out-of-phase. ' The transmitters at each terminal 
will be keyed by their squaring amplifiers.  The transmitted 
pulse trains are 180 degrees out-of-phase from each other. 
Since the transmitters at each location are using the same 
frequencies,  the two signals combine to give a constant 
signal to the receivers.  This signal is inverted to logic 
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"0" and fed to the comparer to block it from operation.  The 
input to the timer will be a constant logic "0" and no trip 
output will occur. 
If failure of the carrier equipment occurs for internal 
or external faults, or the carrier signal is lost or severely 
attenuated by an internal fault, no signal will be received. 
The inverter from the receiver will input a continuous logic 
"1" to the comparer and a trip output will occur. 
The trip timer in the comparer is set for 4 millisecond 
pick up rather than the full 8 milliseconds corresponding 
with the exact one half cycle (60 HZ basis) pulse train that 
an ideal system would give.  This provides the margin 
required to take into account: 
•if 
o   Drift of phase comparison equipment. 
o   Overlap of the square wave pulses due to rise and 
tail-off introduced by the square wave amplifier and 
carrier transmission. 
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Directional Comparison Systems 
Directional comparison systems employ relays at each 
terminal to determine the power flow during a fault.  If the 
power flow is into the line at the local terminal, it sends 
this information to the remote terminal.  Tripping is initiated 
if the local terminal relays operate for power flow into the 
protected line and receive information from the remote 
terminal that the fault is internal. Directional comparison 
relaying systems can be divided into four general categories. 
These categories are identified by the types of relays used 
to determine power flow and the logic method to transmit 
intelligence to the remote terminal. They are: 
1. Directional comparison blocking systems 
2. Directional comparison unblocking systems 
3. Overreaching transfer trip systems 
4. Permissive or non-permissive underreaching systems 
The directional comparison ground systems under 
evaluation in this thesis fall under the first category. 
(For more information on the operation of the other three 
types of systems, see Reference 2.) 
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The directional comparison ground systems under evaluation 
utilize similar logic to provide protection against ground 
faults.  Their difference is in the line quantities that 
they monitor to determine the direction of power flow and 
thus, the location of faults. First a general discussion of 
the logic of comparison blocking systems will be presented, 
then the specific relays and peculiarities in operation of 
each of three systems will be discussed. 
Directional Carrier Blocking Ground Systems 
The operation of the three directional comparison 
blocking ground systems is illustrated in Figure 12A and B 
logic schematics on page 45. Each terminal of the protected 
line consists of a carrier stop relay, a carrier start 
relay, timing and logic relays and the carrier transmitter/ 
receiver. While previously only electromechanical versions 
of these systems existed, in recent years solid state systems 
have become available. However, unless otherwise noted, the 
evaluations in this thesis will assume electromechanical 
relays are used.  This approach is taken since most existing 
equipment is electromechanical and modification of existing 
systems affected by the reversal problem is a main concern. 
44 
CARRIER 
START 
NONDIRECTIONAL 
CARRIER START 
ONLY -^ 
LOCAL 
CARRIER STOP 
REMOTE 
(A) 
CARRIER 
EQUIPMENT 
CARRIER START 
CARRIER STOP 
TIMER 
TDPU 
TRANSMIT 
RECEIVE 
? 
TRANSMIT 
BLOCKING SIGNAL 
RECEIVE 
BLOCKING SIGNAL 
_^X 
TRIP 
OUTPUT 
(B) 
TIMING & LOGIC 
RELAYS 
FIGURE 12 DIRECTIONAL COMPARISON BLOCKING LOGIC DIAGRAM 
45 
Part A of Figure 12, page 45, shows a typical line 
section to be protected.  The arrows represent the various 
relays as describe below.  The base of the arrow is the 
relay location and its length represents the length of line 
that it protects.  The arrows above the line section represent 
the remote terminal relays while the bottom arrows represent 
the local terminal relays. 
The carrier stop relay is a directional type relay that 
operates for ground faults on the protected line section and 
well into the next line section.  It will operate to set up 
tripping for faults within its setting through a coordinating 
timer.  The output from this timer will also stop any keying 
of the carrier transmitter at this location. 
The carrier start relay can. be a directional or a 
nondirectional type relay.  It is set to operate for ground 
faults on line sections adjacent to the local terminal and 
must operate for ground faults that are farther out on this 
line section than those seen by the remote terminal carrier 
stop relay.  This relay operates to key the transmitter at 
its location. 
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The carrier transmitter/receiver uses an amplitude 
modulated signal capable of being keyed on or off only. 
Both terminals are tuned to transmit and receive the same 
frequency.  The transmitters are normally in the off 
position unless they are keyed to send a blocking signal 
during a fault condition or they are being tested. 
All three directional comparison ground systems are 
blocking type systems. For faults within the setting of the 
carrier stop relay in a blocking type system, tripping will 
occur unless intelligence in the form of a blocking signal 
is received from the remote terminal within a specified 
amount of time. The time delay is to assure that the blocking 
relay and carrier equipment has had adequate time to operate 
before tripping is allowed. 
This will become more evident when operation for external 
and internal faults are described. 
External faults within the setting of the local carrier 
start relay will cause it to operate and key the local 
transmitter to send a blocking signal to the remote terminal. 
The carrier stop relay will not operate at the terminal 
closest the fault.  Thus, carrier will not be shut down at 
this terminal.  In addition, the carrier stop relay will 
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input a logic "0" to block operation of the tripping "and" 
gate.  The local receiver will be receiving a logic "1" 
which is inverted to logic "0".  This also blocks operation 
of the tripping "and" gate.  Thus, the "and" gate will not 
have an output trip signal to the local power circuit 
breaker protecting this line section. 
At the remote terminal, a carrier blocking signal will 
be received.  The receiver inputs a logic "0" to the tripping 
"and" gate and blocks a trip signal from going to the power 
circuit breaker on this line section.  If the fault is 
within the setting of the carrier stop relay, it will operate 
and start operation of the timer.  Before the timer times 
out, the carrier blocking signal is received.  When the 
timer times out, a logic "1" is impressed on the tripping 
"and" gate from this logic line. By this time, however, the 
received signal will have already impressed a logic "0" on 
the "and" gate to keep it from operating to trip. 
For an internal fault with protection systems having 
directional carrier start relays, the local and remote 
terminal carrier stop relays will operate through their 
respective timers to give a logic "1" to the tripping "and" 
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gate.  Since the fault is outside the setting of the carrier 
start relays at both terminals, they do not operate to key 
the carrier.  Therefore, receiver inputs to both local and 
remote tripping "and" gates is a logic "1".  Thus, the "and" 
gates operate to trip the power circuit breakers on both 
ends of the protected line section and isolate the fault. 
An internal fault on a system that uses nondirectional 
carrier start relays is cleared as follows.  The carrier 
start relays operate to key carrier transmitters which block 
both terminals from tripping by applying a logic "0" to both 
terminal tripping "and" gates.  Carrier stop relays operate 
at both terminals through their respective timers to produce 
a logic "1" on their logic line to their respective tripping 
"and" gates.  The output of the timers also stops keying of 
the respective local transmitters to stop the blocking 
signal from being sent at both terminals.  The carrier 
receivers shut-off.  The receiver logic line input to the 
tripping "and" gate changes to logic "1" allowing the "and" 
gate to trip the power circuit breaker protecting this line 
section. 
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Figure 12B, page 45 logic diagram shows the tripping 
logic as if these systems were made up of solid state relays. 
However as discussed previously, they can be implemented 
using either electromechanical or solid state relays. 
The carrier start and stop relays which define each of 
the particular directional comparison ground blocking systems 
being evaluated are now described. 
Negative Sequence System 
The complete name for this system is Negative Sequence 
Polarized Ground Overcurrent Directional Comparison Blocking. 
In the remainder of this thesis it will be referred to as 
the Negative Sequence System.  It uses a directional carrier 
start relay which is polarized by negative sequence potential 
and uses negative sequence line current as the other operating 
quantity.  The carrier stop and trip function is provided by 
a nondirectional zero sequence ground fault detector relay 
which is supervised by a negative sequence polarized directional 
relay similar to the carrier start relay. 
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Zero Sequence System 
The system's complete description is Zero Sequence 
Polarized Ground Overcurrent Directional Comparison Blocking. 
In the remainder of this thesis it will be referred to as 
the Zero Sequence System.  It uses a nondirectional zero 
sequence fault detector for the carrier start relay.  The 
carrier stop and trip function is provided by a zero sequence 
fault detector supervised by a zero sequence polarized 
directional relay. 
Ground Distance System 
The system's complete description is Ground Distance 
Directional Comparison Blocking.  It will be called Ground 
Distance System in the remainder of this thesis. The system 
uses a MHO type relay to provide the carrier start function. 
This relay is designed to operate if the impedance it sees 
falls within its operating characteristic circle as shown in 
the R-X diagram, Figure 13, page 52.  The carrier stop and 
trip function is provided by reactance type relays. The 
reactance relay is sensitive only to the reactive component 
of the fault and will operate whenever this reactance is 
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below its characteristic as shown in Figure 13, page 52. 
Since the normal load impedance is alway within the reactance 
relay trip characteristic it must be supervised by a MHO 
type relay as shown. 
There are three carrier stop and trip relays. Each is 
connected to measure phase-to-ground impedance or reactance 
for its phase only.  To avoid operation for multi-phase 
faults and load swings that would fall within the MHO circle, 
the system is supervised by a zero sequence fault detector. 
The MHO relay contacts are also interlocked such that ground 
relaying is blocked from .operation if more than one phase 
operates.  Other systems use distance relays that are not 
sensitive to three phase faults to supervise the reactance 
relays. 
Both MHO and reactance units operate for phase as well 
as ground faults.  The impedance to a three phase fault is: 
vi 
Z-p. = Y~ ~  Z-,  Where: V, = positive sequence voltage 
1 I, = positive sequence current 
Z-, = positive sequence impedance 
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This is because only the positive sequence network is 
involved with this type fault. 
With a phase-to-ground fault, the impedance is: 
VF  Vl + V2 + V0 
Zj, = j-  = j j j-      Where: V^, V2, VQ = positive, 
F   1 + 2 + 0        negative and zero sequence 
voltages respectively 
Where: I,, I„, I~ = positive, 
negative and zero sequence 
currents respectively. 
The positive sequence impedance normally equals the 
negative sequence impedance.  If the zero sequence impedance 
equals the positive sequence impedance, the equation 
reduces to: 
3Vl 
ZF " 31, " Zl 
The relays would have the same reach for phase and 
ground faults. However, the zero sequence is normally 2 to 
3 times the positive sequence impedance.  To overcome this 
problem^in the rea&tance-relay, a zero sequence current  
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compensator is used to inject enough extra zero sequence 
current to compensate for the amount the zero sequence 
reactance exceeds the positive sequence reactance. An 
accurate setting is not required for the MHO unit since it 
is only used for directional supervision.  Thus, it is 
normally not zero sequence compensated. 
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CHAPTER 3 
BASIS FOR APPLYING AND EVALUATING 
THE CARRIER PROTECTION SYSTEMS 
In this chapter "acceptable" operating requirements are 
defined for the four carrier protection ground systems 
evaluated in this thesis.  The format used to evaluate each 
of the systems is then identified. 
"Acceptable" Operating Requirements 
The four requirements that define the operation of a. 
relay system are simplicity, speed, sensitivity, and selectivity. 
An ideal relay system would consist of one inexpensive relay 
that instantaneously senses all faults on the protected 
line.  In addition, it would never operate for transient 
power system swings or faults external to the protected 
line. Unfortunately, no one has developed such a relay. A 
relay system is therefore designed with a trade-off between 
the above four requirements to meet the specific needs of 
the power system on which it is applied. At the bulk power 
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transmission level, simplicity of equipment is sacrificed to 
assure that the other three requirements are maximized. 
High speed, selective clearing of faults reduces the 
possibility of power system instability and unnecessary loss 
of large blocks of load.  Sensitivity to low level faults is 
also required to limit equipment damage caused by long term 
exposure to low magnitude faults.  It will also reduce the 
risk of low level faults developing into a large scale 
faults.  The following represents generally accepted operating 
requirements for ground pilot relay systems on today's high 
voltage transmission lines and will be used as base criteria 
for relay system evaluation in this thesis. 
o   Selectivity - The system must operate for all internal 
faults within the sensitivity described below for all 
normal operating conditions.  In addition, it should 
not operate for transient power system swings and 
external faults. 
o   Speed - A ground pilot relay system operating time 
should be 50 milliseconds (3 cycles on a 60 cycle base) 
or less. This will yield a maximum of 5 to 6 cycle 
clearing of faults for power circuit breakers that 
operate in 2 to 3 cycles. 
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o   Sensitivity - The system must operate within 50 milli- 
seconds to clear the minimum solid phase-to-ground 
fault on the protected line section. Also, the system 
must operate to clear the above fault with an additional 
15 ohms of arc resistance restricting ground current 
flow. 
The speed and sensitivity requirements represent guidelines 
only and exceptions can be made in actual application depending 
on the criticality of the line and the cost required to meet 
the requirement. 
Format for Applying and Evaluating Carrier Protective Ground Systems 
A carrier protective ground system will be reviewed in 
each of the next four chapters to see how it must be applied 
to overcome the zero sequence reversal problem.  Each system 
will also be evaluated as applied to determine when it is 
feasible and economical to consider it for installation on 
the power system. 
This section describes the format that the chapters 
will take in acomplishing the above objectives.  The general 
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considerations to be made when making these applications and 
evaluations will also be discussed under each item. 
1.  Application of the carrier system required to overcome 
reversal problems. 
In this section the effect of the reversal on the 
system under evaluation will be discussed.  The limitations 
that are placed on the system when faced with the 
reversal problem will be identified.  The constraining 
factors that limit its use will then be detailed. 
There are two effects that must be considered when 
applying a relay system on lines affected by mutual 
coupling and the zero sequence reversal problem.  The 
more obvious effect is the reversal of polarizing 
sources that feed zero sequence polarized directional 
relays. For a protective system one of two conditions 
must exist. 1) The system must not have any zero 
sequence polarizing relays contained in it or 2) if the 
system does contain these relays, the system must 
operate correctly for all conditions in spite of the 
reversal. 
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The second effect is the magnitude of the zero sequence 
induced current coupled from the faulted line to the 
unfaulted line and how the protective system operates 
in the face of these variable line current magnitudes. 
Depending on the fault location, the amount of coupling, 
and the operating conditions, these mutually induced 
currents supplement the zero sequence current flow seen 
by a relay on a given line for one fault and operating 
condition. For another fault condition it can subtract 
from and even cause the zero sequence flow to reverse 
from the normal flow in that line. The relay system 
must either be applied to overcome this situation or be 
immuned to these types of changes in magnitude and 
direction of zero sequence flow in the lines. 
Mutual coupling creates added zero sequence impedance 
that fault current must flow through to the fault. 
Thus, the effect of mutual coupling on the faulted line 
is to always reduce the zero sequence line current as 
well as the polarizing quantities. While this reduction 
must be taken into account when setting relays affected 
by these quantities, the direction of these quantities 
for all internal faults will remain the same. 
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2. Performance of the protective system as applied to 
overcome the reversal problem. 
In this section how well the evaluated system meets the 
operating requirements, as presented earlier in this 
chapter, is discussed. How much the application to 
overcome the reversal problem degrades that performance 
is investigated. Also the ability of the system applied 
to be independent of the power system changes will be 
considered. 
3. Special requirements such as special carrier bandwidth 
and shielded control cable requirements are identified. 
Installed cost of a new line terminal. 
The installed cost per terminal of equipment including 
material, construction test, and overheads (engineering, 
drafting, and allowance for funds during construction) 
to add a new system is presented.  These costs are 
detailed in Appendix I.  Since all systems utilized 
similar power line carrier coupling and tuning require- 
ments, they will not be included in the system estimates 
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Also operating and maintenance costs for the various 
systems are approximately the same and will not be 
included in the evaluation. 
5.  Modification or conversion of an existing system. 
A power system develops over a number of years starting 
with a skeleton system with lines being added as power 
transfer requirements increase and load growth occurs. 
Many times when the original transmission lines were 
installed, there was little consideration given to the 
effect added circuits on the same right-of-way would 
s 
have on the initially installed relaying.  When additional 
transmission capacity is added, the relay engineer is 
confronted with purchasing and installing a protective 
system for the new line that will overcome the reversal 
problem. An evaluation must also be made to determine 
if the protection on the existing line can be applied 
to overcome the problem or must it be modified or 
replaced. For this reason, the practicality and advan- 
tages of modification or replacement is considered in 
the evaluation of each of the carrier protective system. 
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Installed costs, as developed in Appendix I, to make 
these modifications are presented following the format 
described in item 4 above. 
A comparison of costs and summary of the conclusions and 
recommendations derived from the evaluation of the four 
evaluated systems is provided in Chapter 8. 
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CHAPTER 4 
EVALUATION OF THE PHASE COMPARISON PROTECTIVE SYSTEM 
In this chapter the phase comparison protective system 
is applied to overcome the zero sequence reversal problem. 
(The general operation of this system was detailed in chapter 
2.) Here, it is technically and economically evaluated 
following the format of chapter 3 to determine a recommen- 
dation for its use on new and existing lines affected by the 
reversal problem. 
Summary of System Components 
The system consists of a two level fault detector relay 
which senses zero sequence line current flowing in the 
(.r 
protected line.  The low level detector keys the transmitter 
to block tripping until the square wave amplifiers and 
comparers are operational at both terminals.  The high level 
detector starts the square wave amplifier which produces 
pulses proportional to the positive half cycle of the zero 
sequence line current.  If the fault current enters both of 
the protected line terminals, the fault is internal.  If 
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current enters one terminal and leaves the other, the fault 
is external. The high level fault detector enables the 
comparer which compares the local and remote square wave 
signals to make this determination. 
Application of the Phase Comparison System 
The phase comparison system is an ideal system to use 
to overcome the problems associated with mutual coupling of 
lines and associated zero sequence reversals.  By its design, 
it is inherently immune to both effects of mutual coupling 
of lines as described in chapter 3. First, as can be seen 
from the above summary, there are no zero sequence polarized 
directional relays used in this system. Therefore, any 
problems associated with reversal of zero sequence polarizing 
sources are eliminated. 
The phase comparison system is also immune to the 
effects caused by the change in magnitude and direction of 
zero sequence line current flow because of mutually induced 
fault current.  This is because the system compares the 
relative phase position of zero sequence current flowing in 
the line terminals at both ends when its fault detectors are 
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picked up, and not the absolute direction of current flow. 
This is demonstrated with the system of two lines having 
complete zero sequence isolation except for mutual coupling 
as shown in Figure 14, page 67.  In this system, the only 
zero sequence current flowing in the unfaulted line (other 
than that due to load unbalance) is the mutually induced 
current.  For a phase-to-ground fault Fl near B on line AB, 
as shown in part A of the figure, mutually induced zero 
sequence currents will flow up the transformer neutral at D, 
through line CD and out the transformer neutral at C. As 
described in Chapter 2, if the current enters one line 
terminal and leaves the other terminal the phase comparison 
relaying will recognize it as in the external fault and not 
trip. 
For a fault at A on line AB, the induced currents will 
flow in the opposite direction in line CD. However, the 
currents will still enter one terminal and leave the other. 
Thus, it will also be seen by the system as an external 
fault. 
If a fault occurs near the middle of line AB, there may 
or may not be enough zero sequence current flowing in line 
CD to operate the fault detectors. However, should the 
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detectors pickup to start the phase comparison system, fault 
current will still be flowing in one line terminal and out 
the other indicating an external fault. 
Performance of the System 'as Applied 
As shown above, the phase comparison system is inherently 
immune to the mutual coupling-zero sequence reversal problem. 
Because of this, there are no special restrictions on 
the performance of this system when used on lines where zero 
sequence reversals occur. 
Selectivity 
As described in Chapter 3, this requirement must be met 
on high voltage systems under all normal operating conditions. 
The detrimental consequences of overtripping for an external 
fault or allowing a fault above the minimum level on a line 
section to remain undetected are unacceptable. As shown in 
the general operating discussion of Chapter 2 and in the 
application to overcome reversals described above, the 
system will operate selectively to clear internal faults 
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only.  This assumes the fault is of sufficient magnitude to 
be within the setting of the fault detectors identified in 
the next section. 
Speed and Sensitivity 
To evaluate_the operating time of the protective relay 
system, it is useful to start at the trip output of the 
system and work backward to determine the fixed time delays 
of the system. After these delays are determined, they are 
subtracted from the "acceptable" system operating time 
defined in Chapter 3.  The value obtained is the maximum 
time that the protective relays must operate in to meet the 
acceptability criteria. 
Table 1, page 71, identifies the fixed time delays 
associated with the phase comparison system.  (Also refer to 
the operating diagram for this system in Figure 9, page 37). 
The system time delay caused by solid state logic and the 
squaring amplifiers are not included in this analysis since 
they are small compared to the time delays required for   _ 
system coordination and carrier transmission. 
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The tripping output normally fires a silicon control 
rectifier (SCR).  The SCR picks up a high speed tripping 
relay to initiate the power circuit breaker trip coil. 
The operating time of this relay is approximately 8 
milliseconds. Moving backward, the comparer time delay is 
encountered. 
The comparer timer causes a 4 millisecond delay to the 
trip signal.  This delay allows; for drift of pulse signals 
and margins for nonideal square waves. The comparer cannot 
operate until it receives both the remote transmitted and 
local pulse signals. Since the local and remote signals 
must be time coordinated, the local signal is delayed by a 
timer set for the remote signal carrier transmission delay. 
This carrier transmission delay is approximately 2 milliseconds 
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Description 
Time 
(Milliseconds) 
Trip output Relay 
Comparer time delay 
Carrier transmission time delay 
(equal to local pulse delay) 
Maximum delay from start of square 
wave generation until first 
coincident pulse appears 
Total system delay without 
high level fault detection 
22 (1) 
Total System Operating requirement 50 (2) 
Required fault detector 
operate time. [(2)-(.1) above] 
28 
Table 1 - Clearing Time Requirements for Phase Comparison System 
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One step further back in the system are the square 
amplifiers.  If these amplifiers pick up just after a positive 
half cycle of fault current, a half cycle of delay,will be 
introduced before the coincident pulses calling for trip 
will appear.  This adds a maximum of 8 milliseconds of delay 
to the tripping process. 
The total tripping delay encountered thus far is 22 
milliseconds - the sum of the delays described above.  The 
difference in this delay and the "acceptable" clearing speed 
(50 milliseconds) for a minimum bolted fault is 28 milliseconds. 
As previously by discussed, the high level fault detectors 
at each location operate to initiate the square wave amplifiers 
and arm the comparers. The low levels fault detector is 
always set more sensitively than the high level fault detector 
to assure carrier blocking occurs until comparers at both 
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terminals are operating. Therefore, the high level fault 
detector at the terminal where the lowest fault current is 
flowing determines how fast the system will operate. For 
most modern phase comparison type systems, the high and low 
level fault detectors are electronic type as opposed to 
electromechanical relays.  Their operate time is very fast 
compared to the operating times of the rest of the system 
describe above. Also, the operating times of these relays 
are essentially independent of fault level or pickup setting. 
That is, the time delay introduced for low level faults near 
the pickup of these relays is the same as for faults well 
above the pickup of the relays. Thus, they operate well 
within the 28 millisecond time available to meet the required 
operating time criteria for high level faults as well as low 
level faults. 
Because the fault detectors are static relays, their 
operating time is essentially independent of setting or 
fault magnitude. Thus, the sensitivity of the system to low 
level faults is normally limited by the constraints of the 
power system and not the phase comparison system. Recommenda- 
tions for setting the fault detector on this system are as 
follows. 
A 
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The low level fault detector.must be set above the 
steady state zero sequence line current flow due to load 
unbalance. This assures that the phase comparison system is 
not sending an unnecessary blocking signal during normal 
operation.  The high level fault detector is normally set 
above the sum of the low level fault deteetor setting times 
1.33 and the zero sequence current encountered during line 
charging. This margin is required to assure that the low 
level fault detectors operate to send a block signal before 
the high level detectors arm comparers at both terminals. 
Otherwise, one comparer is armed and receives the local 
pulse signal before receiving a signal from the remote 
terminal and will initiate false tripping.  High and low 
level fault detectors are available with ranges as low as 
.5 - 2.0 amps. Thus with 2000/5 amp current transformers, a 
minimum setting of 200 amps for a low level fault detector 
can be obtained.  The high level detector can then be set 
for 1.33 (200) = 266 amps plus whatever the line charging 
current is on the system.  If this high level fault detector 
setting is higher than the minimum 15 ohm restricted internal 
-fault on-this line, two choices are available; 1) The margin 
between the high and low level detector can be lowered at 
the added risk of misoperation, or 2) If this risk is unaccept- 
able, another protective system must be chosen. Restricted 
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fault magnitudes are generally sufficiently above line 
charging and load unbalance that this situation is seldom 
encountered. When it does occur, it is on lines that have 
one terminal providing a weak feed to ground faults. 
Special Requirements 
There are two special requirements that must be considered 
when installing the phase comparison system. 
The first consideration is that all control and current 
cables must be shielded to protect the equipment from interfer- 
ence and spurious signals caused by transients in control 
and power circuits at the station where the equipment is 
installed.  Since this system utilizes solid state protective 
relays and comparer components that are very high speed and 
very sensitive, they are highly susceptible to noise or high 
level short duration signals. While electromechanical 
relays are more rugged and operate slower to filter these 
spurious signals out, solid state type relaying will tend to 
operate in a-hair trigger manner when they see these signals. 
They also will become damaged easily if not protected from 
these transients. 
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The second requirement is that a wider bandwidth carrier 
channel must be used than required for directional comparison 
relay systems. This wider bandwidth channel is required for. 
high speed transmission of the pulse signals. A typical 
bandwidth for a directional comparison blocking channel is 
1000 HZ.  1500 HZ is required for phase comparison. Although 
this is not a prohibitive constraint in most cases, it may 
become a concern on a system which is already suffering from 
carrier frequency spectrum saturation and a new carrier 
channel corresponding to the addition of a new line or 
modification of an existing line is required. 
Installation Cost for a New Line 
The installed cost per terminal, for carrier equipment 
and protective relaying associated with a typical phase 
comparison ground and directional comparison phase relay 
system as described in Appendix I is as follows: 
Description Cost 
-'•."'. '■)   ■ 
Material $23,000 
Construction & Test 6,000 
Overheads 9,300 
Total installed cost $38,300 
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As described in Chapter 3, only the cost of the instal- 
lation for the carrier transmitter/receiver and protective 
relaying are being compared. Other supporting switchyard 
equipment, operating, and maintenance costs for the four 
protective systems under evaluation are similar and therefore 
are not included. 
Conversion of an Existing System to Phase Comparison 
The phase comparison system is unaffected by zero 
sequence current reversals. Therefore, if any of the other 
directional comparison systems under evaluation cannot be 
modified or applied to overcome this problem, it can be 
replaced by the phase comparison ground system. Unfortunately, 
when the existing ground system is replaced by the phase 
comparison system, the relaying associated with phase fault 
protection will have to be replaced also.  There are two 
alternatives to the replacement of both the phase and ground 
of an existing directional comparison phase and ground 
relaying systems.  Both alternatives have several drawbacks 
associated with them. 
_The.„,first method would be to develop an interface 
between the existing directional phase and the new phase 
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comparison ground relay system so that they both can use the 
same carrier transmitter/receivers. Hybrid systems having 
directional comparison phase and phase comparison ground 
relaying are presently on the market. However, these systems 
are specifically designed for this purpose and thus have 
proper interface between the phase and ground relaying. 
Also, since the majority of the existing directional com- 
parison type phase and ground systems are electromechanical, 
it would be very difficult to interface the phase relaying 
of this type system with the solid state type phase comparison 
ground system from both a hardware and time coordination 
standpoint. Even if this interface could be engineered, the 
carrier transmitter/receiver equipment must be replaced or 
converted to operate at a wider bandwidth to satisfy the 
timing requirements of the phase comparison system.  The 
, only equipment not affected, if all this were done, are the 
phase protective relays themselves.  Therefore, it would be 
more cost effective to remove t^he old system and install a 
new hybrid type system. 
The second method would be to leave the existing carrier 
equipment and phase relay system intact and remove only the 
ground relay portion of the system. Then a completely 
separate carrier transmitter receiver and phase comparison 
<! 
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ground system could be installed.  This would—eliminate the 
need for an interface between the two systems.  This method 
is not recommended since it requires the use of 2500 HZ of 
carrier bandwidth (1,000 HZ for directional comparison 
system and 1500 HZ for phase comparison).  Only 1500 HZ is 
needed if the old phase and ground directional comparison 
were completely replaced.  In addition, this would create a 
duplication of protective equipment inside the control house 
which would require additional maintenance and testing.  It 
also requires the conversion of the existing line tuners and 
traps to dual frequency in order to accept the second carrier 
frequency. 
The cost to do a complete replacement of an entire 
existing phase and ground relay system by a hybrid type 
system will be similar to that of installing a new system 
described in the previous section.  This assumes that the 
salvage recovered for removal of the old system equals the 
removal cost of the old equipment. Another advantage of 
complete removal of the existing equipment is that this 
equipment can then be used on another line which is not 
affected by the reversal problem. 
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"A 
Two other items must be considered when replacing an existing 
system with the phase comparison system.  1) If shielded 
control, current and potential cables are not used with the 
existing carrier equipment, it is recommended they be added 
for the reasons described previously.  2) Both line terminals 
of relaying must be replaced.  Item 2 creates no additional 
penalty for the phase comparison system above other systems 
since when equipment modifications of the other ground relay 
systems are made at one terminal they also must be made at 
the other.  This is to assure proper coordination of blocking 
and tripping functions. 
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CHAPTER 5 
EVALUATION OF THE NEGATIVE SEQUENCE SYSTEM 
The application of the negative sequence ground 
protective system to overcome the zero sequence reversal 
problem is described in this chapter.  It is then technically 
and economically evaluated as applied, following the format 
previously developed, to determine recommendations for its 
use on new and existing lines affected by the reversal 
problem. 
Summary of System Components 
The negative sequence system is a directional blocking 
type system that consists of a negative sequence polarized 
directional carrier start relay used to initiate the carrier 
blocking signal.  This relay operates for faults on the line 
sections adjacent to the protected terminal.  The carrier 
stpp-and trip function is provided by a nondirectional zero 
sequence relay that senses fault current in the protected 
line.  This relay is supervised by a negative sequence 
directional relay similar to the carrier start relay. The 
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remainder of the scheme consists of the coordination timer 
and trip logic and the carrier transmitter/receiver. 
Application of the Negative Sequence System 
The negative sequence system, like the phase comparison 
system, is not affected to a significant extent by mutual 
coupling or zero sequence polarizing reversals. This is 
because the operation of the directional elements of the 
system is based on negative sequence quantities. As described 
in Chapter 1, the amount of mutual coupling of positive and 
negative sequence quantities between circuits of close 
proximity is usually 5 to 7 percent of the self-impedance 
of the line and is never greater than 10 percent.  Thus, 
mutual coupling has a negligible effect on relays using 
these quantities.  The nondirectional zero sequence carrier 
trip element sees the variations of line current magnitude 
due to mutual coupling and the zero sequence reversal problem. 
However, it is supervised by the negative sequence directional 
relay which is not affected by mutual coupling.  Thus, even 
if the nondirectional relays on the unfaulted line pickup, 
they will be prevented from causing a false trip by the 
directional relays. Therefore, the system will operate 
properly as described in chapter 2 on lines affected by the 
zero sequence problem as well as line that are not so affected. 
82 
Performance of the System as Applied 
The operation of the negative sequence system is not 
affected by the zero sequence reversal problem.  Therefore, 
there are no special restrictions on the application or 
performance of this system when, installed on lines having 
reversal problems. 
Selectivity 
The system will operate selectively to initiate tripping 
for only internal faults if these constraints are met. 
1. The directional relays polarizing does not experience 
reversals for any internal or external faults. 
2. The carrier start relay at the terminal closest the 
fault operates for all faults that the remote carrier 
stop relay operates for. \ 
3. There is sufficient coordination time during external 
faults to allow carrier blocking of the system before 
the remote carrier trip relay and coordinating timer 
operates. 
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The three constraints are all dependent on the operating 
characteristics of the negative sequence polarized directional 
relay.  Therefore, this relay was investigated in more 
detail to show that these constraints were met. 
The relay is an induction cup type relay, similar in construc- 
tion to a zero sequence polarized directional relay.  The 
polarizing quantity used with this relay is negative sequence 
voltage taken from the line or bus voltage transformers. 
The other operating quantity is negative sequence current 
which is taken from the current transformers on the protected 
line circuit breakers.  The two quantities are obtained by 
the use of the negative sequence potential and current 
filters built into the relays.  The design of these filters 
is discussed in Reference 2. 
The negative sequence voltage profile for a phase-to- 
ground fault is shown in Figure 15, page 85.  As shown in 
this figure, the voltage is at its highest negative value at 
the fault and reduces to zero at the generators.  Its magnitude 
at any point is equal to the negative sequence current 
flowing to the fault at that point multiplied by the negative 
sequence impedance from that point to the generator. As can 
be seen from this figure, negative sequence voltage used for 
\ 
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polarizing will not reverse, since no matter where the fault 
is its direction remains the same. As with the zero sequence 
polarized relay, the negative sequence current direction in 
the protected line section will then determine whether or 
not the relay will develop restraining or tripping torque. 
Thus, the first constraint for proper operation of this 
system described above is met. 
As described in Chapter 2, the critical coordination 
timing during an external fault is between the local carrier 
start relay plus carrier transmit time and the operation of 
the remote carrier trip relay.  (The local carrier trip is 
not involved since it is looking in the direction away from 
the external fault and does not operate.) 
Consider the operating quantities being supplied to the 
carrier start relay at the terminal closest to the fault 
compared to the directional unit of the carrier trip relay 
at the remote terminal. As described previously, the negative 
sequence input to the carrier start relay would be larger 
than the remote carrier trip relay since the negative sequence 
voltage is always higher at the location nearest the fault. 
Since the negative sequence current feeding the fault from 
this line is the same at both terminals and the relays 
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normally have the same pickup settings, the carrier start 
relay closest to the external fault will always operate 
faster and have a longer reach than the remote carrier trip 
directional element.  The worst case coordination situation 
would be a fault external to a very short line.  The negative 
polarizing voltage of both terminals of this short line as 
well as the operating current would be equal.  The channel 
transmit time plus safety margins for this situation would 
be the basis for a minimum coordination timer setting on the 
remote terminal trip.  In practice, a standard value of 16 
milliseconds is normally used for this coordination timer. 
To further increase the natural coordination time between 
trip and block as described above, normally closed contacts 
are used in the carrier start circuit.  Slower operating 
normally open contacts are used in the trip circuits. 
Speed and Sensitivity 
In evaluating the operating speed and sensitivity, a 
similar approach to that used for the phase comparison 
system will-be employed; that is,.to start from the trip 
relay and work backward to determine the inherent time 
delays of the system.  Operating settings of the protective 
relays needed to meet the time "acceptibility" requirement 
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setup can then be identified. Table 2, page 89 identifies 
the operating and coordination time delays of the negative 
sequence system.  It may also be helpful to refer to the 
operating diagram for this system in Figure 11, page 40. 
The operating time of the relay that initiates breaker trip 
is assumed to be 8 milliseconds. Moving back through the 
logic "and" gates the-block trip coordination timer is 
encountered.  This time delay is normally 16 milliseconds. 
There are no other inherent time delays in the system. 
Therefore to meet the 50 millisecond acceptability criteria 
for minimum bolted faults, the protective trip relays have 
26 milliseconds in which to operate. As mention previously, 
the carrier trip relays consist of a nondirectional zero 
sequence overcurrent unit supervised by a negative sequence 
polarized directional unit. They operate independently of 
each other and their trip outputs are connected in series. 
,Thus, the relay.that operates last is the constraint on the 
acceptability criteria. 
A typical negative sequence directional relay used with 
an electromechanical negative sequence system is the General 
Electric type CNP relay.  It has an operating range of .25-5 
volt-amps negative sequence.  This volt-amp rating is the 
combination of secondary negative sequence current times the 
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Time 
Description (Milliseconds) 
Trip Output Relay 8 
Block-Trip 
Coordination Timer 16 
Total system delay 24 
less protective relay (1) 
operate time 
Total system operating 50       (2) 
requirement 
Required protective 
relay operate time 26 
[(2)-(l)] above] 
Table 2 - Clearing Time Requirements for Directional 
Comparison Systems. 
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negative sequence voltage required to cause the relay to 
operate. For example, a relay applied on a system that 
provides .5 negative sequence amps on the secondary of the 
current transformer and .5 negative sequence volts on the 
secondary of the potential transformer would just pick up 
the relay on its lowest .25 volt-amp setting.  The relay is 
normally set as sensitively as possible without operating 
for negative sequence quantities caused by normal circuit 
unbalance. A typical operating characteristic for this 
relay when it is on the .5 volt-amp tap is shown in Figure 
16, page 91. Experience has shown that operating this relay 
at a lower setting than this makes it very susceptible to 
contact closure during nonfault conditions due to low restrain- 
ing spring torque. These closures can be caused by vibration 
or inadvertant jarring of its mounting panel. As shown by 
the Figure 16, page 91, to operate in the 26 milliseconds 
required to meet the acceptability criteria, the relay must 
be provided at least 60 multiples of product pickup for the 
minimum internal bolted ground fault.  60 multiples of 
product pickup multiplied by the .5 volt-amp pickup setting 
yields 12 volt-amps negative sequence that must be available 
in order to operate the relay fast enough to meet the criteria, 
As anexample of the relative values of primary current and 
voltage being dealt with, consider a 230kV power system with 
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2000/5 amp current transformers on the line power circuit 
breakers.  If the primary negative sequence current flowing 
through this terminal is 800 amps during the minimum internal 
solid ground fault; secondary negative sequence current is 
5 
800 amps ?nnn = 2 amps 
The negative sequence voltage required at this terminal 
to provide 12 volt-amps to the relay is 
12 Volt-amps  ^  ,. 
 ~ *— = 6 volts 2 amps 
The primary negative sequence voltage required is equal 
to the 6 volt secondary value multiplied by the potential 
transformer ratio. At 230 kV this ratio is 
PT ratio = **.—H°,kZ ,.     = 2000 yj x 66.4 Volts 
where 66.4 volts is the normal secondary phase-to-ground voltage 
supplied to the relay. 
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Thus, 
2000 (6 volts) = 12,000 volts 
primary negative sequence volts must be produced.  If the 
the negative backup impedance at this point is not large 
enough to produce 12kV primary, the negative sequence system 
will not operate quickly enough to meet the criteria. 
As shown in Figure 16, page 91, the relay will operate 
within approximately 80 milliseconds if provided with four 
multiples of product pick-up or 2.0 volt-amps negative 
sequence.  Thus, if the 2.0 volt-amps are provided for the 
minimum 15 ohm restricted ground fault, the system will meet 
the second sensitivity criterion.  If either of these sensi- 
tivity criterion are not met, a decision would have to be 
made to determine if longer operating time or less sensitive 
clearing can be accepted on this application.  If both of 
the criteria must be met, another system must be used. 
A typical nondirectional zero sequence relay used with 
the electromechanical negative sequence system is the General 
Electric type CFC relay.  The lowest operating range that 
can be purchased on this relay is .5-2 amps. The 
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philosophy is to set this relay well above the zero sequence 
current flow, due to load unbalance, and below the minimum 
fault to be cleared. 
A typical current curve for this unit is shown in 
Figure 17, page 95.  (This curve was taken from a General 
Electric CLPG relay instruction book.1^ However, the same 
units are used for the CFC and CLPG relay.) As shown in the 
figure, to operate in the 26 milliseconds required to meet 
the acceptability criterion for a solid phase-to-ground 
fault, the relay requires at least three multiples of pickup. 
Thus, at its lowest .5 amp setting, 1.5 amps secondary must 
be supplied to the relay during the minimum internal bolted 
t 
fault. With 2000/5 amp line current transformers the primary 
zero sequence current required (31^) is 
2000 (1.5) _ ,nn 
 r-^  = 600 amps. 
It can also be seen on Figure 17, page 95 that this 
relay will operate within 70 miliseconds at 1.5 multiples of 
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pickup. At the .5 amp tap setting with 2,000/5 amp current 
transformers, the primary current that must be supplied is 
(.5) (1.5) 2000 _ ... 
-—-— r     = 300 amps 
This would be the minimum current that the power system 
must provide during the minimum ground fault with 15 ohms of 
restriction to meet the second relay accepability criterion 
identified in this thesis. 
Most Bulk Power transmission systems would have no 
trouble meeting the requirements of the zero sequence nondirec- 
tional relay. Thus, the operating time requirements of the 
negative sequence directional relay will normally limit the 
application of this system.  If the system can not be applied 
because of lack of negative sequence quantity availability 
and zero sequence reversals occur on the power system, the 
phase comparison relaying can be applied to overcome both 
problems. 
Special Requirements 
There are no special requirements for the installation 
of the negative sequence system. The standard 1000 HZ 
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bandwidth carrier equipment is adequate for sending the 
carrier blocking signal.  Also, since this system uses 
electromechanical protective relays, shielded control, 
current and potential cables are normally not required. 
Installed Cost on a New Line 
The installed cost of an electromechanical negative 
sequence system on a per terminal basis for a completely new 
line is detailed in Appendix I.  A summary of these cost are 
listed below. As described in Chapter 3, these are costs to 
install carrier and relay equipment's so cia ted with the 
negative sequence system only. They do not include switchyard 
equipment or operating and maintenance required for the 
system. 
Description Cost 
Material $15,000 
Construction & test 6,900 
Overheads 9,000 
Total System Cost $30,900 
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Conversion of Existing Systems to the Negative Sequence 
The negative sequence system is well suited to handle 
the zero sequence reversal problem.  Also, it utilizes the 
same operating logic as the zero sequence and ground distance 
directional comparison blocking system. Therefore, when 
these systems can not be modified to overcome the reversal 
problem in an existing installation, they can be readily 
converted to the negative sequence system.  This is done by 
replacing the existing system carrier start and carrier trip 
protective relays with the negative sequence and nondirectional 
zero sequence overcurrent relays supervised by the negative 
sequence relay respectively.  The carrier equipment, basic 
coordinating logic relays, and phase relay protection system 
need not be replaced as would be required if the phase 
comparison system were used.  The cost to implement the 
conversion of either the zero sequence or ground distance 
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directional comparison system to the negative sequence 
operation is: 
Description Cost 
Material    $3,100 
Construction & Test 2,200 
Overheads 2,800 
Total Cost of Conversion $8,100 
It should be noted that the carrier equipment need not 
be changed out since 1,000 HZ of bandwidth is adequate for 
all three systems.  This cost is much less than required for 
the removal of the existing system and replacement with 
phase comparison system. Therefore, it is desirable to make 
this conversion if there are sufficient negative sequence 
quantities available during fault conditions to meet the 
speed and sensitivity criteria discussed earlier in this 
chapter. 
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CHAPTER 6 
EVALUATION OF THE ZERO SEQUENCE SYSTEM 
In this chapter the application of the zero sequence 
ground protective system to overcome the zero sequence 
reversal problem is discussed.  (The general operation of 
this system is described in Chapter 2.)  It is then evaluated 
as applied to overcome the reversal problem utilizing the 
format previously developed. 
Summary of System Components » 
The zero sequence system, like the negative sequence 
and ground distance systems, is a directional comparison 
blocking type system.  It differs from the other two systems 
in that it has a nondirectional carrier start relay which 
operates for internal as well as external faults to block 
system operation.  If the fault is internal, the directional 
carrier trip relay then stops the carrier blocking transmission 
to allow tripping.  The carrier start unit is a zero sequence 
overcurrent relay. The carrier stop function is provided by 
a nondirectional zero sequence overcurrent unit supervised 
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by a' zero sequence polarized directional relay.  The remaining 
coordinating timer, tripping logic, and carrier equipment is 
similar to that required for the negative sequence and 
ground distance systems. 
Application of The Zero Sequence System 
The zero sequence system is affected by both variations 
of line zero sequence current on the unfaulted line and the 
reversal of the zero sequence directional polarizing quantity 
as described in Chapter 3. For this reason, it has a very 
limited application on lines having zero sequence polarizing 
reversals.  This application is usually on lines that already 
have a zero sequence system, where minimum mutual coupling 
exist between the lines. 
The nondirectional carrier start relay and the nondirec- 
tional portion of the carrier trip relay both operate with 
zero sequence line current.  Therefore, the pickup setting of 
both these relays is affected by changes in magnitude and 
direction of this quantity caused by mutual coupling of 
fault current. However, the coordination between them is 
maintained independent of changes in this quantity.  This is 
TTeclTuse ^ one terminal of 
101 
the line is always equal to the zero sequence current leaving 
the other terminal.  Carrier start relays are normally set 
lower than the carrier trip relays so they operate first to 
provide blocking on the line. Then the directional carrier 
start element can determine whether the fault is internal or 
external. 
The zero sequence polarized directional carrier trip 
element is affected by both the polarizing reversal and the 
change in magnitude and direction of zero sequence line 
current.  This is because it utilizes both zero sequence 
polarizing and zero sequence line current for its operating 
quantities.  As with the carrier start and nondirectional 
trip units, the directional relays at both terminals are 
equally affected by line current fluctuations.  However, the 
polarizing quantities at both ends of the line are not 
equally affected. When the polarizing quantity reverses at 
one end, it is only coincidental if the polarizing quantity 
at the other terminal reverses.  Thus, the system can not be 
applied on a line where reversals occur without detailed 
analysis to assure proper operation under all fault conditions, 
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To assure proper operation of the zero sequence system 
in the face of the zero sequence reversals, a combination of 
the following situations must occur on the system.      ' 
1.  Whenever a zero sequence reversal occurs that will lead 
to a false trip, the magnitude of the ground current 
flowing in the line must be below the operate setting 
of the nondirectional carrier trip unit. 
If this condition is met, the nondirectional unit will 
not operate.  Thus, the carrier trip units will not 
operate even if the directional units misoperate. 
This situation is likely to occur on lines that are not 
strongly coupled and have a high degree of zero sequence 
isolation.  A typical case would be lines of different 
voltage levels run for short distance on a common 
right-of-way. Both the mutually coupled current and 
the normal current flow on the unfaulted line would be 
low in this system and the nondirectional carrier trip 
element could be set to operate above them.  It can 
easily be seen that increasing the carrier trip setting 
substantially will severely desensitize the protective 
system to restricted internal faults. 
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2.  Check to make sure that at least one directional unit 
will not close when a polarizing reversal occurs.- 
The directional trip units at both terminal must operate 
to allow tripping of the protected line. Therefore, if 
reversals of the polarizing quantity occur for only a few 
operating conditions and during these operating conditions, 
both of the directional units do not operate, the system can 
be applied without the setting restrictions described in 1 
above. 
For an external fault with no polarizing reversals, the 
directional carrier relay at the terminal closest the fault 
will not see it.  Thus, it will not set up tripping at its 
terminal* Also, the local carrier transmitter will be 
allowed to continue sending a block signal.  (This signal 
was initiated by the local carrier start relay.) The 
directional relay will not operate because the line current 
would be leaving this terminal and the polarizing current 
would be entering the neutral of the transformer to restrain 
it from operation.  If the polarizing quantity reverses, the 
relay will falsely operate to set up tripping and stop the 
local transmitter. At the terminal remote to the fault, the 
fault current will be entering the line and the polarizing 
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quantity will be coming up the neutral of the transformer. 
This would normally indicate an internal fault and the relay 
would also operate to set up tripping and stop its local 
carrier.  Thus, carrier blocking would not be on the line 
and both terminals would trip.  However, if a polarizing 
reversal were also to occur at the remote terminal, the 
relay would be restrained from operation. Tripping would 
not be setup at this terminal. Also, carrier blocking would 
remain on the line to block tripping of that terminal closest 
to the fault.  Thus, if every time a reversal occurred on 
the terminal closest to the fault, a reversal also occurred 
at the remote terminal, the system would operate properly 
and not allow tripping. 
To apply the zero sequence system one must check all 
operating conditions to assure that blocking remains on line 
as described above for all external faults as when reversals 
occur.  It is difficult to visualize all the possible operating 
conditions that could cause problems and verifying them is 
time consuming.  Also, line rearrangements made in another 
part of this system can cause zero sequence current to 
increase in the protected line.  If that happened or a 
polarizing reversal counted on previously to prevent overtrip 
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no longer occurs, the system can no longer be applied.  The 
zero sequence system is not recommended for these reasons 
for new installations and may be undesirable even if it 
exists and can be applied to operate adequately with the 
initial line arrangement. 
Performance of the System Applied 
The zero sequence system uses a zero sequence polarized 
directional relay which is susceptible to the zero sequence 
polarizing problem.  Its performance is thus reduced from 
what it would be if applied to a line where a reversal does 
not occur. 
Selectivitity 
This system can be applied on some affected lines to 
provide selective clearing of faults.  However, the number 
of lines on which the system can be applied are severely 
limited by the restrictions described in the previous section'. 
If the power system is altered such that these conditions 
are not maintained, this scheme will misoperate and subject 
the protected line to overtrip for external faults. 
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Speed and Sensitivity 
The logic and coordinating times for operation of this 
system are the same as for the negative sequence system. 
These coordination and operating requirements (as shown in 
Table 2, page 89) consist of the tripping relay operate time 
of 8 milliseconds and the trip coordination timer delay of 
16 milliseconds. As for the negative sequence system, the 
protective relays must operate in 26 milliseconds for the 
minimum bolted fault to meet the 50 millisecond operating 
criterion of this thesis. 
The slowest of the carrier trip units will determine 
the operating time limitation when applied to a given line. 
A typical relay used with this type system is the General 
Electric CLPG relay.  It contains the nondirectional zero 
sequence carrier start and nondirectional carrier trip unit 
as well as the zero sequence polarized directional unit. 
The operating characteristics for the directional unit of 
this relay is shown in Figure 18, page 108.  As demonstrated 
in this figure, to meet the 26 millisecond operating requirement 
three multiples of product pickup are required.  If the 
minimum bolted fault provides at least three multiples of 
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product pickup, this relay will operate to meet our criterion. 
As shown by the figure, the minimum 15 ohm restricted bolted 
ground fault must provide approximately 1.5 multiples of 
product pickup to provide 40 millisecond operation of the 
directional unit. 
The multiplies of product pickup for a dual polarized 
unit is: 
Multiplies of product pickup = 
EpIQ COS (9 - 80)  II COS0 
3.6K 0.25K 
Where: 
Ep = the polarizing voltage 
I~ = the zero sequence line operating current 
0 = the angle I„ lags Ep 
K = the calibration minimum product pickup of the relay 
(.25-4 volt-amps, zero sequence). 
Ip = Polarizing current 
0 = The angle that I~ lags Ip 
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The first part of the equation represents the polarizing 
voltage while the second part represents the polarizing 
current.  Sufficient operating quantities are provided to 
allow proper-; operation of the directional unit for most 
applications where dual polarizing exists. 
The operating characteristic for the nondirectional 
carrier trip unit is shown in Figure 17, page 95.  It is 
the same unit as- that used for the negative sequence system. 
The lowest operating range available for this relay is .5 - 
2 amps.  It must be set at least 125 percent above the 
carrier start unit setting (which has a minimum setting of 
.4 amps) to assure coordination between operation of the 
carrier start unit closest to the fault and the remote 
carrier trip unit.  As shown in the figure, this unit must be 
provided with at least three multiples of pickup for a 
minimum bolted ground fault to operate in the required 26 
milliseconds.  It will operate in approximately 60 milliseconds 
if provided with 1.5 multiples of pickup for the minimum 15 
ohms restricted fault. 
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Assuming a setting of .6 amps on a relay with 2,000/5 
amp line current transformers the required primary zero 
sequence current is 
(3) (.6) (24M= 720 ,.    ,*.~ amps 
the pickup setting is 
(.6) (2^1= MO amps. 
The system must provide 3 multiples of pickup or 720 
primary amps for the minimum bolted ground fault.  The 240 
amp pickup setting represents the minimum amount of zero 
sequence current that could be on this line during a polarizing 
reversal if directional units do not provide adequate blocking 
during external faults. This value can be increased by 
increasing the pickup setting of the relay until the minimum 
fault for the system is reached. However, increasing the 
setting above this value will result in degraded clearing 
time for faults on a protected line. 
... .'..(■ 
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Special Requirements 
The application of this system requires a grounded 
WYE-broken delta three phase potential source or a power 
transformer with connections suitable to provide zero 
sequence polarizing quantities at the substation.  Special 
carrier bandwidth requirements or shielded cables are not 
required with this system. 
Installed Cost 
The installed cost of a new electromechanical zero 
sequence system on a per terminal basis is detailed in 
Appendix I. A summary of these costs is listed below.  It 
does not include operating, maintenance, line trap, or 
tuning requirements for the reasons described in Chapter 3, 
Description Cost 
Material $13,800 
Construction & Test 6,400 
Overheads 8,400 
Total Installed Cost $28,600 
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Conversion of an Existing System to the Zero Sequence System 
There are several application problems associated with 
the use of the zero sequence system on lines affected by 
zero sequence polarizing reversals. For this reason, it is 
not recommended as a modification of existing systems that 
becomes affected by the zero sequence reversals. 
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CHAPTER 7 
^ 
EVALUATION OF THE GROUND DISTANCE SYSTEM 
In this chapter the application of the ground distance 
protection system to overcome the zero sequence reversal 
problems is discussed.  (The general operation of this 
system is discussed in Chapter 2.) The system is then 
evaluated, as applied to overcome the reversal problem, 
following the format previously established. 
Summary of The System Components 
The ground distance system is a directional comparison 
blocking system.  It uses a three phase MHO type relay (one 
unit per phase whose normally closed contacts are in series) 
as the carrier start unit.  This relay measures phase-to-ground 
fault impedance.  Its units are directional type which 
operate for external faults on line adjacent to the line 
section.  The carrier trip relays consist of three reactance 
units supervised by three MHO type units (one reactance and 
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MHO unit per phase).  In addition, each phase uses contacts 
from the other phases to block tripping for multiphase faults 
faults.  The remaining logic and carrier components are 
similar to that for the negative sequence and zero sequence 
type systems. 
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Application of the Ground Distance System 
The ground distance system does not use zero sequence 
polarized relays.  Therefore, it is not affected by the 
reversal of zero sequence polarizing quantities.  The variations 
in magnitude and direction of zero sequence line currents 
caused by mutual coupling does, however, affect both the MHO 
and reactance relays. 
The MHO and reactance type relays used in this protective 
system measure the phase-to-ground impedance to the fault 
for each respective phase.  This includes the zero sequence 
impedance which is affected by the mutual coupling current 
described above. The mutually coupled currents add or 
subtract zero sequence current from the fault current normally 
flowing in the protected line.  This creates an apparent 
zero sequence impedance to the fault which is different than 
the actual line zero sequence impedance. For reactance 
relays, on lines that are commonly bussed, a portion of the 
zero sequence current from the coupled line is fed into the 
relay to cancel the mutually coupled current entering the 
relay from the protected line.  This compensation is equal 
to the, ratio of the zero.sequence mutual reactance to the 
positive sequence reactance of the protected line. Thus, on 
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lines that are commonly bussed, the reactance relay can be 
compensated to overcome the mutual coupling problem.  The 
limitations on the use of mutual coupling compensation where 
lines are commonly bussed is discussed in Reference 9.  The 
MHO relay is not normally compensated so the increase in 
reach required to overcome the mutual problem is normally 
handled similar to the situation where lines are not commonly 
bussed as discussed below. 
Mutual compensation cannot be applied on lines terminated 
at different substations.  To assure proper operation for 
these lines, the system must be applied to overcome the 
changes in relay reach caused by mutual coupling. For the 
system to operate properly during external faults, the 
carrier start (MHO relay) at the terminal closest to fault 
must operate for all faults for which the remote carrier 
trip (reactance) relays operate.  The relays used in this 
system will tend to maintain this coordination when mutual 
coupling occurs since the zero sequence current flowing 
through a line is the same at both terminals. When the 
local carrier start relay's reach is increased, the carrier 
trip relay's reach will be increased also.  Similarly, the 
local carrier start relay's reach is reduced if the remote 
carrier trip relay's reach is reduced. 
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Consider the system shown-in Figure 19A, page 119, to 
illustrate this effect.  Lines AB and CD are mutually coupled 
and a phase-to-ground fault, Fl, occurs on line AB. The 
zero sequence current flow from A to the fault is mutually 
coupled to line CD and opposes normal current flow on this 
line.  The result is less current seen by both the carrier 
start relay at C and the carrier trip relay at D.  The 
apparent impedance to the fault seen by both relays is 
increased and both will tend to underreach the fault. As 
shown in Figure 19B, page 119, mutually coupled zero sequence 
current adds to the normal current flow for a fault at F2 on 
line CD causing the relays at C and D to overreach. 
The MHO carrier start relay uses different operating 
quantities from the reactance carrier trip relay. For this 
reason, the increase or decrease in reach is not necessarily 
the same for both relays. Since the effect of mutual 
coupling on each type unit is well defined, (See Reference 7 
for equations describing the change of relay reach due to 
mutually coupling), the worse case reduction of reach for 
the MHO carrier start relay can be determined.  Its setting 
can then be extended to assure that it operates for all 
faults that cause the remote carrier trip relay to operate. 
_y 
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The carrier trip relay setting must be increased for 
internal faults so it does not underreach the end of the 
protected line when mutual coupling causes a reduction of 
apparent line impedance.  To illustrate this, consider again 
Figure 19A, page 119, with the fault (Fl) relocated to line 
DC near the power circuit breaker C. The mutually coupled 
current from line AB will reduce the current flow on line 
CD.  The reach of the carrier trip relay at D is thus reduced. 
If the carrier trip relay setting did not take this into 
account, it would underreach the line end fault and the line 
would not be cleared by the system. 
The amount of underreach that occurs in this situation 
is directly proportional to the ratio of the zero sequence 
current flowing in the line to the positive current flow. 
The amount of underreach is also directly proportional to 
the ratio, of the mutual impedance to the positive sequence 
line impedance.  Curves are presented in Reference 9 which 
relate these factors so that for a given power system configura- 
tion the setting compensation can be determine.  The zero 
sequence impedance on a typical line is approximately three 
times the positive sequence impedance. Also the mutual 
impedance is typically two times the zero sequence impedance, 
since the mutual impedance is approximately 50 to 70% of the 
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self-impedance of the line.  Utilizing the curves of Reference 
9, it was determined that a 30% increase in normal reach for 
this situation would be sufficient to assure that line end 
faults are seen by the relay. 
A complete reversal of the MHO or reactance relay 
direction will seldom occur. This is because these relays 
see the positive and negative sequence impedancejas well as 
the zero sequence impedance to the fault.  A very high 
mutually coupled zero sequence current would be required to 
overcome the positive and negative sequence currents and 
cause such a reversal. 
Performance of the System as Applied 
The MHO and reactance relays used with the ground 
distance carrier system are affected by the changes in zero 
sequence line current caused by mutual coupling. However, 
these relays can be set with properly increased reaches to 
overcome these effects.  In this section the system will be 
analyzed to determine if there are restrictions placed on it 
as applied to overcome the reversal problem as well as its 
overall operating performance. 
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Selectivity 
This system can be applied to selectively clear faults 
on lines affected by the zero sequence reversal-mutual 
coupling problem.  This is done, as described in the previous 
section, by increasing the carrier trip relay reach to 
overcome the worse case underreach caused by mutual coupling. 
Then the carrier start, relays, must .be__set with adequate 
margin to see all faults that the remote carrier trip relay 
sees.  This results in a general increase in the reach of 
all ground distance relays used with the system.  These 
relays operate for phase as well as ground faults since they 
use phase-to-ground impedance as their operating quantities. 
Normally it is desirable to keep the operating characteristic 
of these relays as small as possible to avoid load impedance 
moving into the characteristic and causing false tripping. 
However, the trip relays of this system are interlocked to 
allow operation only when one phase of relaying operates. 
If the three phase load impedance moves into the relay 
characteristic, more than one phase of relays will pick up 
and tripping will be blocked. For this reason, the increase 
in reach creates no additional selectively problems with the 
system. 
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There are limits to the maximum setting that can be 
placed on distance relays.  Setting above this limit can 
cause the unfaulted phase relays to operate for a phase-to- 
ground fault.  If this occurs, the interlocking described 
above will block desired tripping during ground faults. 
These limitations are detailed in Reference 7. The increase 
in setting require to overcome most reversal problems is 
well within this maximum value* 
Speed and Sensitivity 
The coordinating times for operating this system is the 
same as for the negative sequence system.  These coordination 
and operating requirements (refer again to Table 2, page 89) 
consist of an 8 millisecond tripping relay operate time, and 
a 16 millisecond coordination time delay. Therefore, the 
protective relays must operate in 26 milliseconds to meet 
the 50 millisecond criterion for clearing a minimum bolted 
fault. 
As with the othe/ directional comparison systems, the 
operating time of the carrier trip unit at the terminal 
where the minimum fault current occurswill determine the 
slowest operating time for the system. 
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Distance relay operating speeds are inversely proportional 
to the setting and zero sequence current magnitude. They 
are also directly proportional to the distance of the fault 
from the relay location.  The larger the relay setting, the 
higher the zero sequence current, and the closer the relay 
location to the fault, the faster the relay will operate. 
These relationships are shown in Figure 20, page 125, for 
the MHO unit and Figure 21, page 126, for the the reactance 
unit. Tliese are typical operating curves for the General 
Electric type GCXG relay which is often used with the ground 
distance system.  It contains the carrier trip reactance 
unit as well as its supervising MHO unit for one phase of 
protection.  Thus, three GCXG relays are required per terminal 
of line protection. 
The relays are design to operate at three basic minimum 
reach tap settings. At these settings there is 100% restraint 
voltage on the relay. To change from this minimum setting, 
the restraint voltage is reduced. The basic minimum tap 
thus represents the worst case or slowest operating time of 
the relay. 
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The reactance part of the carrier trip relay is normally 
set at least 150% of the positive sequence line reactance. 
Figure 21, page 126 shows the operating curves for a typical 
2.0 ohm minimum tap.  If the relay is set at 150% of the 
line impedance, the minimum line end fault would be at 
100/150 or 66% of the relay setting.  As seen from the 
figure, to meet the 26 millisecond operating criterion for a 
minimum bolted ground fault, the relay must be provided with 
12.5 secondary amps of zero sequence currents. With 2000/5 
amp current transformers this results in 
10 _     2000 _ ,nftft 12.5 amps —^— = 6000 amps 
of primary fault current.  This sensitivity is not acceptable 
compared to the 300 to 500 amp sensitivities obtained with 
other systems evaluated in the thesis. 
However, one must take into account that a 2.0 ohm 
setting results in protection of a line with only 
(2.0) (.66) =1.32 ohms secondary impedance. 
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To obtain primary line impedance, the secondary impedance 
must be adjusted for potential transformer and current 
transformer ratio as follows: 
Primary line impedance = (1.32) (2000/400) = 6.6 ohms 
. \ Where:   2000 = the potential transformer ratio at 230kV 
400 = the current transformer ratio of 2000/5 
amp current transformers. *" 
This represents a relatively short line.  (Typical line 
length ranges from 5 to 50 ohms.)  In general, the operating 
speed will increase and the zero sequence current required 
will be reduced as the line length increases.  Even so, it 
is evident that the reactance relay is relatively insensitive 
to low level faults, especially on short lines, when compared 
to the other systems. 
The carrier trip MHO unit is normally set well above 
the reactance unit setting. If the three ohm minimum tap 
setting is used, this would be 150% of the reactance unit 
setting. A line end fault would be 
1.32/3.0 = 44% 
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of this setting. The zero sequence current required to meet 
the 26 millisecond operating criteria for a bolted fault, as 
shown in Figure 20, page 125, is approximately 8 amps. This 
current requirement is less than the reactance relay requirement 
and indicates that the operating speed of the system is 
limited by the reactance relay rather than the MHO unit. 
This should be expected since the reach of this supervising 
MHO unit is always larger than the reactance unit and operating 
speed is inversely proportional to reach. 
Special Requirements 
The application of this system requires installation of 
more equipment than is required for other systems evaluated 
in this thesis.  This is because a carrier trip relay is 
required for each of the three phases.  In addition, a 
carrier start relay and an auxiliary relay is required for 
interlocking the three phases of relay protection so that 
they do not operate for multiple phase faults. There are no 
special cable shielding, or carrier bandwidth requirements 
for this system. 
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Installed Costs 
The installed cost of a new electromechanical ground 
distance system on a per terminal basis is detailed in 
Appendix I. A summary of this cost is listed below.  It 
does not include operating and maintenance or line trap and 
tuning equipment requirements for the reasons described in 
Chapter 3. 
Description Cost 
Material $19,600 
Construction and Test 7,600 
Overheads 9,900 
Total Installed Cost $37,100 
Conversion of an Existing System 
The ground distance system can be readily applied to 
overcome the zero sequence reversal problem. However, it is~ 
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not recommended as a conversion of an existing system affected 
by the reversal problem unless: 
1. Degraded clearing times for low level ground faults can 
be accepted. 
2. The application is on long lines.and ground fault 
current is large. 
3.  There is sufficient equipment space available to add 
the extra relays and auxiliary equipment for this 
system. 
The installed cost to convert one of the other directional 
comparison systems to ground distance is listed below. As 
with conversion to the negative sequence system, the phase 
protection and existing carrier equipment need not be replaced. 
Description Cost 
Material $ 7,900 
Construction and Test 4,800 
Overheads 4,900 
Total Installed Costs $17,600 
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CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS 
This chapter is a summary of the conclusions and recommen- 
dations developed in the study of the zero sequence reversal 
problem and the evaluation of the four cajrrier ground systems 
as applied to to overcome this problem. 
Zero Sequence Reversals 
The following conclusions were derived from the analysis 
of the zero sequence polarizing reversal problem. Reversals 
are caused by mutual coupling of transmission lines built in 
close proximity to one another. Reversals will occur on one 
of the zero sequence sources of an unfaulted line when there 
is complete isolation between the fault and unfaulted line. 
This isolation can be during normal operation, when lines 
are out for maintenance#.or during sequential clearing of 
faults. 
Reversals can also occur on lines when zero sequence 
sources are partially isolated from the fault. One can 
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determine Wether or not a reversal can occur in this 
situation by analysis of the zero sequence diagram for the 
system in question. 
Carrier System Evaluation 
Table 3, page 134 lists a summary of the minimum ground 
faults for which the carrier systems evaluated can provide 
protection and still meet the speed and selectivity requirements 
given in this thesis. This assumes application on a typical 
line with 2000/5 amp current transformers.  This summary is 
intended to give a lower limit that the systems can provide 
adequate protection for typical power systems.  It should 
not be assumed that these systems can be applied to operate 
on all lines at these minimum current levels.  This is 
because in all cases except for the phase comparison system, 
sufficient amounts of other operating quantities as well as 
zero sequence current must be available to assure acceptable 
operation of the system. 
Table 4, page 135 lists a summary of costs to install 
each of the systems and to convert existing systems. These 
J  - 
costs are for installation of the carrier sets and protective 
relays only and are in 1981 dollars 
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System 
Phase Comparison 
Negative Sequence 
- Zero Sequence 
3 
Ground Distance 
Minimum Ground Fault 
That Meets 50 MS 
Operate Time 
 (Amperes)  
266 
600 
720 
5000 
Minimum 15 Ohm 
Restricted Ground 
Fault 
 (Amperes) 
266 
300 
240 
1. Assumes sufficient negative sequence quantities available 
to operate directional unit. 
2. Assumes maximum zero sequence line current during a 
reversal that would lead to a false trip is below 
minimum 15 ohm restricted fault value.  Also assumes 
sufficient zero sequence quantities are available. 
3. Based on application on a short 6.6 ohm line.  Since 
operating speed is highly dependent on setting of 
distance relays, the minimum ground fault current could 
be reduced substantially if applied on longer lines. 
Table 3 ^ Summary of Systern Sensitivities; 
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Description Cost (1981 dollars) 
Phase Comparison System 38,300 
Negative Sequence System 30,900 
Zero Sequence System 28,600 
Ground Distance System 37,100 
Convert to Phase Comparison 38,300 
Gonvertto Negative Sequence  87IOO  
Convert to Ground Distance 17,600   ^ 
Table 4 - Summary of Installation and Conversion Costs 
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The following are conclusions and recommendations based 
on the evaluation of the four carrier systems as applied to 
overcome the reversal problem. 
o   The phase comparison: ground system is not affected by 
zero sequence reversals.  It will operate selectively 
to provide high speed clearing of faults on lines where 
reversals occur. It has the added technical advantage 
that it provides uniform, high speed clearing of faults 
within its settings independent of the fault magnitude. 
Its installed cost is higher than the other systems. 
It is recommended for new installations affected by the 
zero sequence reversal problem. The system is not 
readily adaptable as a modification to the three directional 
comparison systems evaluated.  However, this system is 
recommended to replace other systems if: 
1) The circuit is critical enough that phase comparisons 
technical advantages outweigh the cost for removal 
or modification of the existing system. 
2) They cannot be modified to overcome the reversal 
problem. 
136 
Identified disadvantages of this system are that it 
requires more carrier bandwidth 4:han other systems 
evaluated and shielded control, current, and potential 
cabling is required. 
The negative sequence ground system, like the phase 
comparison system, is not affected by the zero sequence 
reversal problem.  It will operate selectively to 
provide nigh speed clearing of faults on systems affected 
by the reversal problem. The negative sequence system 
cost is comparable to the zero sequence system and 
lower than the phase comparison and ground distance 
systems. For these reasons, it is recommended for new 
installations. 
The zero sequence and ground distance systems can be 
readily converted to the negative sequence system on 
existing installations where they cannot be applied to 
overcome the reversal problem. 
Disadvantages of the system; are that: 
i 
I- 
1)  Some systems may not provide sufficient negative 
sequence quantities to assure positive, high speed 
operation of the directional relay and 
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2)  The electromechanical negative sequence relay 
operates with very little restraining torque. 
Thus, it becomes susceptible to misoperation due 
to vibration or mechanical shock. 
o   The zero sequence protection system is affected 
by the zero sequence polarizing reversals. 
 Because of this, it is not recommended for    
new installations. The installed cost is the 
lowest of the systems evaluated. The system 
can be applied to overcome reversals on lines 
that already have this system and minimum 
mutual coupling between lines exist. 
Identified disadvantages of this system 
as applied to overcome the reversal problem 
are:       -     
1) Lack of sensitivity to low level faults. 
2) The system must be checked to assure 
proper operating whenever lines are 
rearranged. 
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The ground distance protection system is 
affected by zero sequence polarizing reversals. 
The installed cost of a new system is comparable 
to the highest cost phase comparison system. 
It can be readily applied to overcome the 
reversal problem. However, it is not recom- 
mended for new installations and is suitable 
only for existing lines already having this 
system.  This is because of its two identified 
disadvantages which are: 
1. Lack of sensitivity to low level faults. 
2. Prohibitive cost to install this system 
compared to the other directional systems 
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APPENDIX I 
INSTALLED COST FOR EVALUATED CARRIER SYSTEMS 
This appendix details the installed costs for a new 
installation of each carrier ground protective system evaluated 
in this thesis.  It also lists installed costs to convert a 
directional comparison ground system that cannot be applied 
to overcome the reversal problem to 1) the negative sequence 
system and 2) the ground distance system.  All costs in 
these estimates are in 1981 base dollars.  The costs are on 
a per terminal basis and include material, construction and 
test labor charges, and the overheads for the estimate 
involved.  Overheads include engineering and drafting charges 
and allowance for funds during construction (AFDC).It 
should be noted that hourly rates in these estimates include 
loading to take into account vacation,- benefits, and time 
for off for sickness. 
As discussed in Chapter 3, the operating and maintenance 
costs are not included in this estimate. Also not included 
in this estimate are switehyard'~pdtentialr current and 
control cabling and«carrier related traps and tuning equipment. 
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This is because these expense costs and switchyard equipment 
requirements are similar for all systems evaluated and thus 
would lend little to evaluation. 
3 
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Phase Comparison Installation 
Specific Construction 
Material $23,000 
Construction Labor 3,600 
(180 mahours @ $20) 
Test Labor 2,400 ^ 
(80 manhours @ $30) 
Total Specific Construction $29,000 
Overheads 
Engineering 
(65 manhours @ $30) $2,000 
Drafting 
(190 manhours @ $25) 4,700 
AFDC 
(9% of Specific Construction)     2,600 
Total Overheads $ 9,300 
t 
Total Installation Cost $38,300 
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Negative Sequence Installation 
Specific Construction 
Material $15,000 
Construction Labor 
(210 manhours @ $30) 4,200 
Test labor 
(90 manhours @ $30) 2,700 
Total Specific Construction $21,900 
Overheads 
Engineering 
(65 manhours @ $30) $ 1,950 
Drafting 
(202 manhours @ $25) 5,050 
AFDC * 
(9% of Specific Construction)       2,000 
Total Overheads $ 9,000 
Total Installation Cost $30,900 
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Zero Sequence Installation 
Specific Construction 
Material $13,800 
Construction labor 
,  (200 manhours @ $20) 4,000 
Test labor 
(80 manhours @ $30) 2,400     • 
Total Specific Construction $20,200 
Overheads 
Engineering 
(60 manhours @ $30) $ 1,800 
Drafting 
(192 manhours @ $25) 4,800 
AFDC 
(9% of Specific Construction)      1,800 
Total Overheads $ 8,400 
Total Installation Cost $28,600 
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Ground Distance Installation 
Specific Construction 
Material $19,600 
Construction labor 
(230 manhours @ $20) 4,600 
Test labor 
(100 manhours @ $30) 3,000 
Total Specific Construction $27,200 
Overheads 
Engineering 
(70 manhours @ $30) $ 2,100 
Drafting 
(212 manhours @ $25) 5,300 
AFDC 
of Specific Construction)      2,500 
Total Overheads $ 9,900 
Total Installation Cost  ^ $37,100 
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Costs for Conversion to Negative Sequence 
Specific Construction 
Material $3,100 
Construction labor 
(80 manhours @ $20) 1,600 
Test labor 
(20 manhours @ $30) 600 
Total Specific Construciton $5,300 
Overheads 
Engineering 
(20 manhours @ $30) 600 
Drafting 
(-68 manhours @ $25) 1,700 
AFDC 
(9% of Specific Construction)       500 
Total Overheads $2,800 
Total Installation Cost ,., — $8,100 
Note: It is assumed that salvage values of removed equipment 
equals removal costs. 
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Cost for Conversion to Ground Distance 
Specific Construction 
Material $ 7,900 
Construction labor 
(150 manhours @ $20) 3,000 
Test labor 
(60 manhours @ $30) 1,800 
Total Specific Construction $12,700 
Overheads 
Engineering 
(30 manhours @ $30) $ 900 
Drafting 
(112 manhours @ $25) 2,800 
AFDC 
(9% of Specific Construction)      1,200 
Total Overheads      • . $4,900 
Total Installation,Cost $17,600 
Note:  It is assumed that salvage value of removed equipment 
equals removal costs. 
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